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The F l u i d  Con t ro l s  and Systems Center a t  Oklahoma S t a t e  U n i v e r s i t y  
has been working wi th  NASA personnel a t  t h e  George C .  Marshall  Space 
F l i g h t  Center (Hun t sv i l l e ,  Alabama) wi th  t h e  expressed purpose of es- 
t a b l i s h i n g  a s c i e n t i f i c  b a s i s  f o r  so lv ing  problems r e l a t e d  t o  f i l t r a t i o n  
mechanics and f l u i d  contamination. The s t u d i e s  conducted p r i o r  t o  the  
c u r r e n t  c o n t r a c t  per iod have been concerned mainly with methods f o r  
a p p r a i s i n g  and e v a l u a t i n g  f i l t r a t i o n  media. A g r e a t  amount of e f f o r t  
was w e l l  spen t  i n  developing r e l i a b l e  t e s t  procedures and measuring 
techniques.  S p e c i f i c a l l y ,  phases have been d i r e c t e d  toward wire  c l o t h  
f i l t e r  media, f l u i d  sampling t echn iques ,  v i b r a t i o n  e f f e c t s  on f i l t r a -  
t i o n ,  and f l u i d  contamination monitor ing and measurement. I n  re t ro-* 
s p e c t ,  it appears  t h a t  t h e  d i r e c t i o n  of the r e s e a r c h  was c o r r e c t  and 
sound. The c o n t r i b u t i o n s  made a s  a r e su l t  of t h i s  work have been widely 
acclaimed, and t h e  s p i r i t  of coope ra t ion  e x h i b i t e d  by i n d u s t r y  has ex- 
pressed t h e i r  g r a t i t u d e  t o  NASA. 
Th i s  r e p o r t  summarizes t h e  d e t a i l s  and resul ts  of the r e sea rch  
conducted under Phase IV of Con t rac t  XAS 8 11009. The a c t u a l  work ac- 
complished du r ing  t h e  r e p o r t i n g  phase has r equ i r ed  a r e o r i e n t a t i o n  of 
thoughts  and o b j e c t i v e s  t o  permit t h e  e s t ab l i shmen t  of a contaminat ion 
c o n t r o l  c r i t e r i a  based on the  contaminant t o l e r a n c e  of components. I n  
f a c t ,  f o r  t h e  purposes of e s t a b l i s h i n g  a proper t e s t  philosophy f o r  
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b o t h  f i l t r a t i o n  performance and contaminant t o l e r a n c e s  it  has been 
necessary t o  re-examine t h e  b a s i c  concepts of expres s ing  contamination 
l e v e l s ,  
The s p e c i f i c  a r e a s  of s tudy which were pursued du r ing  t h e  c u r r e n t  
c o n t r a c t  period were t h e  fol lowing:  
1. The e s t ab l i shmen t  of a p h y s i c a l l y  meaningful c l e a n l i n e s s  l e v e l  
c r i t e r i a  f o r  f l u i d s  which expres ses  i n  q u a n t i t a t i v e  terms the  
contaminat ion l e v e l .  
2 ,  The f i l t r a t i o n  c h a r a c t e r i s t i c s  of f i l t e r  media a s  exemplif ied 
by t h e i r  e f f e c t  on contamination l e v e l s ,  
3. Expressions f o r  t h e  contaminant t o l e r a n c e  l e v e l  of components 
i n  terms of a r igo rous  c l e a n l i n e s s  l e v e l  c r i t e r i a .  
4 .  The performance and s p e c i f i c a t i o n  of depth type f i l t e r  media 
a s  t hey  a r e  r e l a t e d  t o  t h e  ph-ysical parameters o f  t he  ma t r ix .  
A s t r o n g  background has been e s t a b l i s h e d  by t h e  r e s u l t s  of t h e  
work r epor t ed  h e r e i n  which w i l l  permit a r e a l i s t i c  approach t o  the  prob- 
lems i n  contamination c o n t r o l .  lz i s  a hopeful t r u s t  t h a t  the knowledge 
gained through t h e  referenced r e s e a r c h  w i l l  i n  t u r n  be of s e r v i c e  t o  
t h e  sponsoring agency and t o  t h e  i n d u s t r y  a t  l a r g e ,  
? 
CONTAMINATION LEVEES AND CONTROL 
i 
?, i 
r b  
2 . 1  INTRODUCTION 
A s i g n i f i c a n t  understanding has  been acqu i red  du r ing  t h e  r e f e r -  
enced c o n t r a c t  per iod r ega rd ing  t h e  gene ra l  a r e a  of contamination l e v e l s  
and c o n t r o l ,  It i s  reasoned t h a t  t h i s  understanding i s  t h e  d i r e c t  re- 
s u l t  o f  t h e  development and v e r i f i c a t i o n  of techniques t o  o b t a i n  quant i -  
t a t i v e  information i n  t h i s  a r e a .  I n  r e t r o s p e c t ,  i t  i s  d i f f i c u l t  t o  
e x p l a i n  why many of t h e  concepts  i n  f l u i d  contaminat ion are  j u s t  now 
being recognized. The f a c t  remains, however, t h a t  t he  many hundreds of 
seemingly u s e l e s s  t e s t  r e s u l t s  which have been obtained ave r  t h e  p a s t  
few y e a r s  are  beginning t o  be s i g n i f i c a n t .  C e r t a i n l y  t h e r e  is  less 
" l o s t  motion" and fewer mistskes  i n  judgment ., 
Since t h i s  c o n t r a c t  has been i n t e g r a l l y  involved w i t h  t h e  r e l a t i o n  
of f i l t r a t i o n  nechanics  C C I  t h e  s p e c i f i c a t i o n  of component contaminant 
t o l e r a n c e  leve ls ,  a g r e a t  need was recognized f o r  a mathematical ly  r i g -  
orous and physical  1y meaningful method of expres s ing  contaminat ion lev- 
e l s  i n  f l u i d  systems. 
be a p p l i c a b l e  t o  t h e  performance c h a r a c t e r i s c i c s  of  f i l t e r s  and the  con- 
Such a method demanded t h a t  q u a n t i t a t i v e  v a l u e s  
taminant s e n s i t i v i t y  of  components. Th i s  c h a p t e r  is concerned w i t h  t h e  
development and p r e s e n t a t i o n  of such a method and i t s  u t i l i z a t i o n  i n  
contaminat ion c o n t r o l .  
3 
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2 . 2  THE DYNAMIC APPROACH 
The dynamic approach t o  system contaminat ion l e v e l s  i s  be l i eved  t o  
be a unique and a c c u r a t e  way of  d e s c r i b i n g  t h e  in f luence  of components 
on the  c h a r a c t e r i s t i c  contaminat ion l e v e l s  i n  a hydrau l i c  system. It 
has been recognized t h a t  a contaminat ion l e v e l  ob ta ined  from one po in t  
i n  a system does no t  n e c e s s a r i l y  r e f l e c t  t h e  o v e r a l l  s t a t e  of t he  con- 
tamina t ion  l e v e l  o f  t h e  system. Cons idera t ion  must b e  g iven  t o  t h e  
e f f e c t s  of components and environment on t h e  r e s p e c t i v e  l e v e l s  w i t h i n  
t h e  system, This  i s  t o  say  t h a t  a s  t h e  f l u i d  flows through v a r i o u s  com- 
ponents ,  t h e  contaminat ion l e v e l  (when t r a n s i e n t  e f f e c t s  such a s  slough- 
ing  can be ignored)  changes due t o  i n f i l t r a t i o n ,  gene ra t ion ,  and f i l t r a -  
t i o n  cond i t ions .  
Consider t h e  schematic  b lock  diagram of a t y p i c a l  system shown i n  
F ig .  2-1. Three types  of symbols a r e  r equ i r ed  t o  r ep resen t  t h e  eompon- 
e n t s  i n  t h e  b lock  diagram system a s  i l l u s t r a t e d  i n  F ig .  2 - 1 .  Component 
symbol ( a )  r e p r e s e n t s  a pump, v a l v e ,  hose ,  a c t u a t o r ,  r e s e r v o i r  o r  any 
group of such components which e x h i b i t  gene ra t ion  and/or  i n f i l t r a t i o n  
a c t i o n s .  The f i l t e r  symbol (b) r e p r e s e n t s  t h e  on ly  component cons idered  
t o  be capable  of removing contaminant from t h e  system. The summing 
func t ion  ( c )  c h a r a c t e r i z e s  t h e  connect ion of p a r a l l e l  branches i n  t h e  
system. 
I n  r e fe rence  t o  F ig .  2 - 1 ,  t h e  contaminat ion l e v e l  a t  po in t  b i s  
fed  i n t o  component ( a )  which may gene ra t e  contaminant "GC" by i t s  as- 
soc i a t ed  ope ra t ion  and may permit t he  i n f i l t r a t i o n  of contaminant "EC". 
Therefore ,  i f  r e p r e s e n t a t i v e  f l u i d  samples were e x t r a c t e d  a t  po in t s  6 
and 1, two d i s t i n c t  contaminat ion  l e v e l s  probably would be ind ica t ed .  
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modified as  t h e  f l u i d  passed through t h e  f i l t e r  (16). Hence, t h e  con- 
t amina t ion  leve l  a t  po in t  2 would e x h i b i t  a d i f f e r e n t  l e v e l  t han  t h e  
f l u i d  a t  po in t  1. Component (c)  adds contaminant "EC" and "GC" t o  t h e  
f l u i d  t o  produce t h e  contaminat ion l e v e l  t h a t  e x i s t s  a t  po in t  3 .  A t  
p o i n t  3 t h e  flow s p l i t s  and t h e  in f luence  of t h e  p a r a l l e l  components 
(d) and (e) i s  r e f l e c t e d  by t h e  contaminat ion l e v e l  a t  p o i n t s  3 ,  4 and 
5 ,  and u l t i m a t e l y  y i e l d s  t h e  contaminat ion l e v e l  e x h i b i t e d  a t  po in t  6. 
The dynamic approach t o  contaminat ion l e v e l s  as presented above 
permits a t r u e  p e r s p e c t i v e  of t h e  system f o r  t h e  fol lowing reasons:  
1. Contamination generated by a component i s  r e f l e c t e d  downstream 
from t h e  component, 
2 .  Environmental c o n d i t i o n s  l ead  t o  t h e  i n f i l t r a t i o n  of contami- 
nant  through exposed a r e a s  of t h e  components. 
3 ,  Contamination levels a re  reduced by t h e  u t i l i z a t i o n  of contami- 
nant  removal type components such a s  f i l t e r s .  
The contaminat ion i n  t h e  f l u i d  which i s  no t  removed by the  f i l t r a t i o n  
system i s  known as  t h e  'background l e v e l  and i s  t h e  lowest o p e r a t i n g  
contaminat ion l e v e l  t h a t  i s  ob ta ined  i n  a system a t  any given t i m e ,  
Rigorous contaminat ion l e v e l  equa t ions  can  be w r i t t e n  based on t h e  
block diagram f o r  t h e  dynamic system shown i n  F ig .  2-2.  The equa t ion  
f o r  t h e  contaminat ion l e v e l  a t  any po in t  (n) i n  t h e  system is:  
(2- 1) 
where: CL = contaminat ion l e v e l  a t  po in t  Qn) downstream from n a component, 
CL = contaminat ion l e v e l  a t  po in t  (u) upstream from a 
U component 
ECn = environmental  contaminant i n f i l t r a t e d  through t h e  
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Figure 2-2. Typical Cumulative Distribution Curves. 
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Gcn = contaminant generated by the  component. 
RC = contaminant removed from t h e  f l u i d  by the  component 
(RCn = 0 i f  component i s  n o t  a f i l t e r ) .  n 
Equation (2-1) a p p l i e s  t o  a component of t h e  system rega rd le s s  of t h e  
type of component. For example, a component such a s  a pump would ind i -  
cate a va lue  of RC of zero ;  l i kewise ,  i f  t h e  component i s  a f i l t e r ,  n 
t h e  va lues  of EC and GC may be zero.  n n 
I n  t h e  case  of a system e x h i b i t i n g  contaminant s t a b i l i t y  o r  e q u i l i -  
brium, t h e  f i l t e r  i n  the  system i s  removing contaminant a s  f a s t  a s  ma- 
t e r i a l  i s  generated o r  i n f i l t r a t e d ,  Such a dynamic system can be ex- 
pressed by the  fo l lowing  mathematical  model: 
where : RC' = t h e  d e s i r e d  contaminant removed from t h e  f l u i d  by 
t h e  f i l t e r ,  n 
p = t he  number of components o t h e r  than t h e  f i l t e r .  
A t r u e  r e p r e s e n t a t i o n  of a system can only be obta ined  when a s t a b l e  
contaminat ion l e v e l  a t  t he  proper measuring poin t  has been reached. 
Cons idera t ion  involv ing  t h e  dynamic system model f o r  contaminat ion 
c o n t r o l  r e q u i r e s  t h a t  a method must be a v a i l a b l e  t o  express  t h e  contami- 
na t ion  l e v e l s  i n  a system i n  a conc i se  and meaningful manner. Such a 
method i s  developed and demonstrated i n  the  remaining s e c t i o n s  of t h i s  
chap te r .  
2 . 3  CONTAMINATION LEVELS 
The g rav ime t r i c  method f o r  express ing  the  degree of contaminat ion 
i n  a f l u i d  can be mathematical ly  j u s t i f i e d  when t h e  p a r t i c l e  s i z e  d i s -  









However, when a heterogeneous mix tu re  of p a r t i c u l a t e  m a t t e r  i s  e n t r a i n e d  
i n  a f l u i d ,  g rav ime t r i c  v a l u e s  i n  themselves f a i l  t o  r e p r e s e n t  a u s e f u l  
contamination l e v e l .  
f l u i d  produces no evidence a s  t o  the  s i z e  o r  number of p a r t i c l e s  in- 
volved. 
d e s c r i b i n g  contamination l e v e l s ;  when used i n  con junc t ion  with t h e  par- 
t i c l e  s i z e  d i s t r i b u t i o n ,  meaningful l e v e l s  may be expressed. 
A grav ime t r i c  measurement f o r  an unknown sample of 
Although the  g rav ime t r i c  by i t s e l f  may not  be a p p r o p r i a t e  f o r  
The measurement and c l a s s i f i c a t i o n  of p a r t i c u l a t e  m a t t e r  by s i z e  
d i s t r i b u t i o n  provide cons ide rab ly  more i n s i g h t  i n t o  t h e  degree of con- 
taminat ion i n  f l u i d  than  i s  g e n e r a l l y  suspected.  The p a r t i c l e  s i z e  d i s -  
t r i b u t i o n ,  being t h e  cumulative frequency of occurrence of each p a r t i c l e  
s i z e ,  can approximate a s t a t i s t i c a l  model which permits mathematical  
manipulat ion.  
p a r t i c l e  count d a t a  and t o  achieve a s t r a i g h t  l i n e  r e l a t i o n .  
e t y  of models a r e  needed because a s i n g l e  model cannot be used t o  ex- 
p re s s  t he  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  a l l  f l u i d s .  
Various models have been proposed t o  l i n e a r i z e  cumulative 
The v a r i -  
For f l u i d  power systems,  t h e  Gaussian d i s t . r i b u t i o n  f u n c t i o n  having 
a loga r i thmic  v a r i a t e  has  provided a good model t o  l i n e a r i z e  cumulative 
p a r t i c l e  count d a t a .  This  model, proposed by F. W. Cole (l), u s e s  a 
log-log graph f o r  p l o t t i n g  cumulative p a r t i c l e  counts .  The cumulative 
d i s t r i b u t i o n  curves f o r  t h e  contaminant e n t r a i n e d  in hydrau l i c  f l u i d  
e x t r a c t e d  from a i r c r a f t ,  missiles,  mobile equipment and machine t o o l s  
have i n  almost every i n s t a n c e  e x h i b i t e d  a s t r a i g h t  l i n e  p l o t  w i th  Co le ' s  
model. Deviat ions from a s t r a i g h t  l i n e  may be reasonably expected a t  
t he  extreme ends of t h e  curve.  Counts of l a r g e  p a r t i c l e s  may be i n  
e r r o r  because t h e i r  number i s  o f t e n  v e r y  small .  Counts of sma l l  p a r t i -  






The s t a t i s t i c a l  accuracy of t he  p a r t i c l e  counts  f o r  t h e  s i z e s  i n  t h e  
middle range should g e n e r a l l y  be weighed h e a v i e r  i n  e s t a b l i s h i n g  a 
"best  f i t "  l i n e .  
I n  e s t a b l i s h i n g  a s t a t i s t i c a l  model t o  d e s c r i b e  a s p e c i f i c  d i s t r i -  
b u t i o n ,  t h e  r e l i a b i l i t y  of t h e  d a t a  m u s t  be considered.  Automatic par- 
t i c l e  coun te r s  u s u a l l y  r e q u i r e  s p e c i a l  c a l i b r a t i o n  t o  ag ree  wi th  o p t i c a l  
counts .  I n  c a l i b r a t i o n  s t u d i e s  t h e  use of a contaminant having a known 
d i s t r i b u t i o n  i s  ve ry  h e l p f u l .  
Assuming t h a t  a s t a t i s t i c a l  model i s  a v a i l a b l e  t o  l i n e a r i z e  t h e  
cumulative p a r t i c l e  s i z e  d i s t r i b u t i o n  of a contaminant,  s i g n i f i c a n t  
conclusions can  be de r ived  r ega rd ing  t h e  phys ica l  c h a r a c t e r i s t i c s  of 
t he  m a t e r i a l .  I n  t h i s  r e p o r t ,  t h e  Cole model i s  app l i ed  by using log- 
2 log paper f o r  l i n e a r i z i n g  t h e  cumulative p a r t i c l e  s i z e  d i s t r i b u t i o n .  
2.4 CONTAMINANT CHARACTERISTICS 
i 
{ . "2 
Important information concerning the c h a r a c t e r i s t i c s  of t h e  con- 
taminant can be de r ived  by exp lo r ing  t h e  ph;ysical meaning of d i s t r i b u -  
t i o n  curves.  The concepts  presented h e r e i n  were o r i g i n a l l y  introduced 
a t  t h e  F l u i d  Power Research Conference a t  Oklahoma S t a t e  U n i v e r s i t y  i n  
J u l y ,  1967 (2)  and l a t e r  presented t o  the  Soc ie ty  o f  Automotive Engi- 
nee r s  (3)  and t h e  Conference on Liquid-Borne P a r t i c l e  Metrology ( 4 ) .  
Consider t h e  cumulative d i s t r i b u t i o n  curves ( s t r a i g h t  l i n e s )  shown on 
the  log-log graph i n  F i g ,  2-2 .  Any two p o i n t s  on t h e  s t r a i g h t  l i n e s  2 
A and B a r e  s u f f i c i e n t  t o  d e f i n e  the  l i n e s  g r a p h i c a l l y  and a n a l y t i c a l l y .  
Thus, i t  fol lows t h a t  i f  t he  $number of p a r t i c l e s  g r e a t e r  than two a r b i -  
t r a r y  s i z e s  are  known f o r  a given d i s t r i b u t i o n ,  t h e  e n t i r e  p l o t  of' Log 





and 20 microns have proved t o  be convenient p o i n t s  i n  hydrau l i c  f l u i d  
ana l y s  is  e ) 
I n  r e fe rence  t o  F i g .  2-2, Curve A e x h i b i t s  a higher  o v e r a l l  count 
of p a r t i c l e s  i n  t h e  d i s t r i b u t i o n  than  does Curve B. Curve A i n d i c a t e s  
a h ighe r  count of small  s i z e  p a r t i c l e s  where Curve B shows more p a r t i -  
c l e s  of the l a r g e r  s i z e s .  A s t a t i s t i c a l  approximation of t h e  t o t a l  num- 
ber  of p a r t i c l e s  above one micron, contained i n  t h e  d i s t r i b u t i o n ,  i s  
given by t h e  i n t e r c e p t  on t h e  log  N a x i s  (po in t  Nt f o r  Curve A ) .  The 
i n t e r c e p t  on t h e  log D a x i s  i n d i c a t e s  t h e  s t a t i s t i c a l  maximum p a r t i c l e  
2 
s i z e  (po in t  Dm f o r  Curve A ) .  
2 A curve ( s t r a i g h t  l i n e )  on log-log graph paper can be descr ibed 
mathematically by t h e  equa t ion  
2 log N = l o g  Nt - m log  D 
where : 1 < D  C D  
m 
(2- 3 )  
Based on Eq. (2-3)) t h e  s lope  of t h e  d i s t r i b u t i o n  l i n e  can be expressed 
by the  r e l a t i o n  
log 'Nt - l og  N 
2 m =  log D 
( 2 - 4 )  
Using Eq. (2-3),  a d i s t r i b u t i o n  l i n e  can be de f ined  i n  one of two ways: 
1. by t h e  i n t e r c e p t  N and the  s lope m, o r  
2 .  by t h e  i n t e r c e p t  N and t h e  number of p a r t i c l e s  g r e a t e r  than 
t 
t 
a diameter de f ined  by le D D . m 
I n  a d d i t i o n ,  Eq. ( 2 - 4 )  can be app l i ed  t o  any two p o i n t s  on the d i s t r i -  
b u t i o n  l i n e  and t h e  r e s u l t i n g  s lope  i s  de f ined  by 
log N - log Nx 
2 2 log D - l og  D 
X Y 
m =  (2-5) 
12 
The t o t a l  volume of contaminant contained i n  a d i s t r i b u t i o n  repre- 
sented by a curve de f ined  by Eq. (2-3) i s  given by t h e  r e l a t i o n  
where : Nt = t h e  t o t a l  number of p a r t i c l e s  g r e a t e r  t han  one 
micron, and 
D = t h e  average diameter of a l l  p a r t i c l e s  above one a micron. 
Equation (2-6) assumes t h a t  t h e  p a r t i c l e s  i n  t h e  d i s t r i b u t i o n  can be 
desc r ibed  a s  spheres .  
For a f i n i t e  v e r t i c a l  s e c t i o n  under t h e  d i s t r i b u t i o n  curve (see 
Fig.  2 - 2 ) ,  t h e  volume of contaminant can be determined by f i r s t  so lv ing  
Eq? (2-3) f o r  t he  number of p a r t i c l e s  w i t h i n  t h e  s e c t i o n .  I f  t h e  i n t e r -  
v a l  i s  s u f f i c i e n t l y  sma l l ,  t he  a r i t h m e t i c  average can be used t o  repre- 
s e n t  t h e  average p a r t i c l e  diameter  f o r  t he  s e c t i o n .  The t o t a l  volume 
of contaminant f o r  t h e  s e c t i o n  under t h e  curve can be obtained by the  
The t o t a l  volume of contaminant i n  t h e  e n t i r e  d i s t r i b u t i o n  i s  t h e r e f o r e  
t h e  sum of t h e  volume of each s e c t i o n  under the  curve o r  
I f  t h e  s i z e  of t h e  s e c t i o n s  a r e  sma l l ,  t h e  c a l c u l a t e d  volume would ap- 
proach t h a t  of t h e  t r u e  volume of t h e  Contaminant. The average volume 
of t h e  i n d i v i d u a l  p a r t i c l e s  i s  given by t h e  r e l a t i o n  
Vt 
Nt 




It has been shown t h a t  a d i s t r i b u t i o n  desc r ibed  by Eq. (2-3) con- 
t a i n s  a t o t a l  volume of contaminant which can be determined by Eq. (2-8). 
Knowing t h e  t o t a l  volume of contaminant i n  the  d i s t r i b u t i o n ,  t h e  volume 
of t h e  average p a r t i c l e  can be determined by Eq. (2-9). 
p a r t i c l e  volume i s  a f u n c t i o n  of t he  s lope  of t h e  d i s t r i b u t i o n  curve i n  
t h e  same manner a s  t h e  t o t a l  volume of t he  contaminant i s  a f u n c t i o n  of 
t h e  s lope  (m) and t h e  number of p a r t i c l e s  i n  t h e  d i s t r i b u t i o n  g r e a t e r  
t han  one micron (N ). 
The average 
t 
The s lope  of t he  d i s t r i b u t i o n  curve,  u s i n g  Eq. (2-5), can be w r i t -  
t e n  a s  
log (EJ /N 
l og  Dx- log I) 2 2 
m =  
Y 
(2- l o )  
Equation (2-10) s t a t e s  t h a t  N can r e p r e s e n t  t h e  s l o p e  of t h e  d i s t r i b u -  
t i o n  curve i f  N D and D a r e  held c o n s t a n t .  Using t h e  v a l u e s  N = 
10,000 microns,  D = 10 microns,  and D = 20 microns,  t h e  s lope  can  be 
r ep resen ted  by simply t h e  numerical  va lue  of N 
i n  t h e  d i s t r i b u t i o n  g r e a t e r  t han  20 microns).  
Pig.  2-3  shows a p l o t  of t h e  s lope  of t he  d i s t r i b u t i o n  curve (N ) ver- 
s u s  t h e  a s s o c i a t e d  average p a r t i c l e  volumes (V ) i n  cubic  microns a s  
determined us ing  a d i g i t a l  computer. 
Y 
x’ x Y X 
X Y 
( the  number of p a r t i c l e s  
Y 
The graph presented i n  
20 
a 
Since t h e  t o t a l  volume of contaminant can be determined f o r  a given 
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  t h e  weight of t h e  contaminant (assuming an 
average d e n s i t y  f o r  t h e  p a r t i c l e s )  can be c a l c u l a t e d  by the  r e l a t i o n  
Furthermore,  s i n c e  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  always based on a 
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t h e  f l u i d  can  be expressed by t h e  r e l a t i o n  





Thus, t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  curve f o r  a s p e c i f i c  volume of 
f l u i d  has revealed two important a s p e c t s  regarding t h e  contamination 
l e v e l  of t h e  f l u i d :  
1. t h e  average p a r t i c l e  volume, and 
2 .  t h e  g rav ime t r i c  l e v e l  f o r  a s p e c i f i c  contaminant d e n s i t y .  
I n  a d d i t i o n ,  t h e  mean o r  average diameters  of t h e  p a r t i c l e s  i n  t h e  d i s -  
t r i b u t i o n  can be c a l c u l a t e d  i f  and when they  r ep resen t  a p h y s i c a l l y  
meaningful c h a r a c t e r i s t i c  of t h e  contaminat ion leve l .  For example, t h e  
average volume diameter  of a l l  p a r t i c l e s  i n  t h e  d i s t r i b u t i o n  can be 
determined by t h e  r e l a t i o n  
(2- 13)  
2.5 CLEANLINESS LEVEL CHART 
The c h a r a c t e r i s t i c s  of the contaminant i n  a f l u i d ,  a s  revealed by 
a l i n e a r i z e d  cumulative p a r t i c l e  s i z e  d i s t r i b u t i o n  cu rve ,  a r e  adequate 
t o  d e f i n e  t h e  contaminat ion l e v e l  i n  many d i f f e r e n t  a p p l i c a t i o n s .  The 
C l e a n l i n e s s  Level was e s t a b l i s h e d  fundamentally t o  d e f i n e  the degree of 
f l u i d  c l e a n l i n e s s  us ing  p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a .  The c r i t e r i o n  
c o r r e l a t e s  t h e  c h a r a c t e r i s t i c s  of t h e  contaminant by t h e  u s e  of one 
c h a r t .  The contaminat ion l e v e l  of a f l u i d  i s  d e s c r i b a b l e  by a s i n g l e  
numerical  va lue .  The c l e a n l i n e s s  l e v e l  number not  only d e f i n e s  the  
cumulative p a r t i c l e  s i z e  d i s t r i b u t i o n  curve,  but  it a l s o  e s t a b l i s h e s  
16 
1 
t h e  q u a n t i t y  of contaminant (g rav ime t r i c  l e v e l )  and the average p a r t i -  
c l e  volume i n  t h e  f l u i d .  
The C l e a n l i n e s s  Level  Chart  shown i n  F i g .  2-4 permits t h e  C lean l i -  
ness  Level  va lue  f o r  a f l u i d  specimen t o  be read d i r e c t l y .  
u t i l i z e s  t h e  N and N p a r t i c l e  count ( the  number of p a r t i c l e s  g r e a t e r  
t han  10 and 20 microns)  t o  d e f i n e  the  d i s t r i b u t i o n  curve--represented 
by a po in t  on t h e  c h a r t .  
s i n g l e  average contaminant volume and g rav ime t r i c  l e v e l ,  a d i s t r i b u t i o n  
"point"  on the  C l e a n l i n e s s  Chart  i s  unique and p h y s i c a l l y  meaningful. 
I n  o t h e r  words, a d i s t r i b u t i o n  point  d e f i n e s  t h e  following: 
A cumulative p a r t i c l e  s i z e  d i s t r i b u t i o n  curve which can be 
drawn. 
An average volume f o r  a l l  p a r t i c l e s  contained i n  the  d i s t r i b u -  
t i o n .  
The c h a r t  
10 20 
Since a given d i s t r i b u t i o n  curve d e f i n e s  a 
1. 
2. 
3 .  A g rav ime t r i c  l e v e l  f o r  t h e  f l u i d  con ta in ing  t h e  p a r t i c l e  
d i s t r i b u t i o n  (assuming t h a t  t h e  s p e c i f i c  g r a v i t y  of t h e  con- 
taminant i s  known). 
The c o n s t a n t  g r a v i m e t r i c  l i n e s  on t h e  C l e a n l i n e s s  Level Chart  a r e  
r ep resen ted  by t h e  curved l i n e s  evenly numbered from 06 t o  60. 
computer d a t a  r evea led  (and it  can be shown a n a l y t i c a l l y )  t h a t  t h e  spac- 
i n g  of t h e  g rav ime t r i c  l i n e s  on t h e  c h a r t  was loga r i thmic .  This  l o g i c a l  
p a t t e r n  suggested t h a t  c l e a n l i n e s s  l e v e l  v a l u e s  be assigned t o  r e f l e c t  
t h i s  c h a r a c t e r i s t i c .  Hence, t h e  loga r i thmic  increments were l abe led  
t e n  u n i t s  a p a r t ,  o r  s p e c i f i c a l l y ,  g rav ime t r i c  l e v e l s  of 0.01, 0.1, 10, 
100, 1000 and 10,000 mi l l i g rams  p e r  l i t e r  were assigned c l e a n l i n e s s  
l e v e l  v a l u e s  of 00, 10, 20, 30, 4 0 ,  50 and 60, r e s p e c t i v e l y .  Although 
t h e  numbering system permits  t e n  d i v i s i o n s  between loga r i thmic  
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increments ,  only even numbered curves were p resen ted  on t h e  C lean l ines s  
Level Chart-- i n t e r p o l a t i o n  f o r  t h e  s p e c i f i c a t i o n  of odd numbered clean- 
l i n e s s  l e v e l s  i s  recommended. 
The cons t an t  average p a r t i c l e  volume l i n e s  on t h e  C l e a n l i n e s s  Level 
Chart  a r e  s t r a i g h t  l i n e s  having a s lope  of one. Since t h e  t o p  of t h e  
c h a r t  r e p r e s e n t s  a n  average p a r t i c l e  volume which i s  i n f i n i t e  and t h e  
r i g h t  hand bottom co rne r  of t h e  c h a r t  r e p r e s e n t s  a p a r t i c l e  volume of 
approximately 2.5 cub ic  microns (an almost imaginary cond i t ion  by pre- 
s e n t  day s t a n d a r d s ) ,  t h e  q u a n t i t i a t i v e  scope of t h e  c h a r t  i s  r e f l e c t e d .  
The i n f i n i t e  volume l i n e  was a r b i t r a r i l y  given a c l e a n l i n e s s  l e v e l  va lue  
of 60 on t h e  c h a r t  t o  suggest  l a r g e  p a r t i c l e  volumes i n  t h e  same manner 
a s  60 on the  g rav ime t r i c  curves  i n d i c a t e s  l a r g e  contaminant q u a n t i t i e s .  
Using t h e  loga r i thmic  increments of t he  c h a r t  i t s e l f ,  volume l e v e l s  
were e s t a b l i s h e d  from 00 t o  60 i n  even numbers. Again, i n t e r p o l a t i o n  
t o  d e f i n e  odd numbered volume l e v e l s  i s  recommended. 
The c l e a n l i n e s s  l e v e l  of a f l u i d  a s  de f ined  by the C l e a n l i n e s s  
' 
Level Chart  i s  based on t h e  number of p a r t i c l e s  g r e a t e r  t han  10 and 20 
microns.  The a c t u a l  va lue  of t he  c l e a n l i n e s s  l e v e l  i s  expressed by two- 
d i g i t  numbers sepa ra t ed  by a decimal po in t .  The number on the  l e f t  s i d e  
of the decimal po in t  i s  t h e  g rav ime t r i c  c l e a n l i n e s s  l e v e l  v a l u e ,  and t h e  
number on the  r i g h t  s i d e  of t h e  decimal po in t  i s  the average p a r t i c l e  
volume number. A s  an example, a p a r t i c l e  s i z e  d i s t r i b u t i o n  having 
10,000 p a r t i c l e s  g r e a t e r  t han  10 microns and 1,000 p a r t i c l e s  g r e a t e r  
t han  20 microns would d e f i n e  a d i s t r i b u t i o n  "point" on t h e  C lean l ines s  
Level Chart  having a c l e a n l i n e s s  l e v e l  v a l u e  of 35.50. The g rav ime t r i c  
l e v e l s  and average p a r t i c l e  volumes a s s o c i a t e d  w i t h  each c l e a n l i n e s s  
l e v e l  va lue  i s  presented i n  Table 2-1. The C l e a n l i n e s s  Level Chart  i s  
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TABLE 2 - 1  
INTERPRETATION OF CLEANLINESS LEVEL VALUES 
LEVEL GRAVIMETRIC VOLUME LEVEL GRAVIMETRIC VOLUME 
00 0 .010 2 . 8  30 10 6 . 6  
01  0 . 0 1 3  2 . 8  3 1  1 3  7 . 2  
02 0 . 0 1 6  2 . 9  32 1 6  7 . 7  
03 0 . 0 2 0  3 . 0  33 20 6 . 2  
0 4  0 .025 3 . 0  34 25 8 . 8  
05 0 . 0 3 2  3 . 0  35 32  9 . 4  
06  0 . 0 4 0  3 . 1  3 6  4 0  1 0 . 2  
07  0.050 3 . 2  37 5 0  11.1 
08 0 . 0 6 3  3 . 2  38 63 1 2 . 2  
0 9  0 . 0 8 0  3 . 3  39  80 1 3 . 5  
10 0.10 3 . 4  4 0  100 1 5 . 0  
11 0 . 1 3  3 . 4  41 130 1 7 . 0  
1 2  0 . 1 6  3 . 5  4 2  160 1 9 . 3  
1 3  0 . 2 0  3 . 6  4 3  200 2 2 . 3  
I4 0 . 2 5  3 . 7  44 250 2 6 . 3  
15 0 . 3 2  3 . 8  45 320 31 .5  
1 6  0 . 4 0  3 . 9  4 6  400 3 8 . 6  
1 7  0 . 5 0  4 . 0  47  5 00 4 8 . 8  
1 8  0 . 6 3  4 . 2  4 8  630 6 4 . 0  
1 9  0 . 8 0  4 . 3  4 9  800 8 7 . 6  
2 0  1.0 4.5  5 0  1000 1 2 7 . 0  
2 1  1 . 3  4 . 6  5 1  1300 2 0 0 . 0  
22 1 . 6  4 . 8  52 1600 3 4 9 . 0  
23 2 . 0  5 . 0  5 3  2000 7 0 8 . 0  
24 2 .5  5 . 2  5 4  2500 1 7 9 7 . 0  
3200 6 5 0 9 . 0  25 3 . 2  5 . 4  55 
26 4 . 0  5 . 6  5 6  4000 4 3 7 7 3 . 0  
27 5 . 0  5 . 9  57 5000 1005600.0  
28 6 . 3  6.2 58 6300 <30--  
2 9  8 . 0  6 . 5  5 9  8000 
60 10000 c 2 0  
based on t h e  contaminant of u n i t  s p e c i f i c  g r a v i t y  e n t r a i n e d  i n  one m i l -  
l i l i t e r  of  f l u i d .  
2 . 6  SIGNIFICANCE OF THE CHART 
Since the C l e a n l i n e s s  Level Chart  q u a n t i t a t i v e l y  i n t e r p r e t s  t h e  
amount and average p a r t i c l e  volume of t he  contaminant i n  a f l u i d ,  spe-  
c i f i c  c l e a n l i n e s s  l e v e l s  can be p h y s i c a l l y  e s t a b l i s h e d  f o r  v a r i o u s  
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a p p l i c a t i o n s .  For  example, a maximum contamination l e v e l  designated 
a s  28.32 a c t u a l l y  d e f i n e s  t h e  accep tab le  l i m i t s  of t he  contamination 
i n  g rav ime t r i c  terms a s  w e l l  a s  by t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  Such 
l i m i t s  f o r  contaminat ion l e v e l s  have p r a c t i c a l  s i g n i f i c a n c e  because of 
t h e  following: 
1. System components have been shown t o  e x h i b i t  a contaminant sen- 
s i t i v i t y  o r  a t o l e r a n c e  which can be descr ibed i n  terms of con- 
taminant q u a n t i t y  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  
2 .  Contamination c o n t r o l  by f i l t r a t i o n  involves  ma in ta in ing  f l u i d  
c l e a n l i n e s s  l e v e l s  w i t h i n  s p e c i f i e d  g rav ime t r i c  and p a r t i c l e  
s i z e  l i m i t s .  
3 .  Contaminant g e n e r a t i o n  w i t h i n  a system is  recognized by changes 
i n  t h e  g rav ime t r i c  l e v e l  and/or  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
Based upon t h e  a n a l y s i s  and c o r r e l a t i o n  of hundreds o f  f l u i d  sam- 
p l e s ,  it i s  recognized t h a t  v a r i o u s  s e c t i o n s  of t h e  C lean l ines s  Level 
Chart  a r e  a p p l i c a b l e  t o  s p e c i f i c  types of systems. For example, con- 
taminat ion l e v e l s  of concern t o  NASA g e n e r a l l y  f a l l  below a g rav ime t r i c  
c l e a n l i n e s s  va lue  of 22. 
2 . 7  MEASUREMENT OF CONTAMINATION LEVEL 
The measurement of t he  contaminat ion l e v e l  i n  a f l u i d  system m u s t  
be a h igh ly  coord ina ted  a c t i v i t y .  I n  o r d e r  f o r  a p a r t i c l e  s i z e  d i s t r i -  
bu t ion  t o  be meaningful,  t h e  a c t u a l  f l u i d  sample m u s t  be t r u l y  repre-  
s e n t a t i v e  of t h e  system f l u i d .  This  means t h a t  t h e  sample c o n t a i n e r  
m u s t  be "clean,"  t h e  sample va lve  appendage does n o t  slough p a r t i c l e s ,  
and t h e  e x t r a c t i o n  technique produces a sample e x h i b i t i n g  t h e  same d i s -  
t r i b u t i o n  a s  e x i s t s  i n  t h e  a c t u a l  system. Dependable methods have been 
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developed t o  permit t h e  c o l l e c t i o n  and e v a l u a t i o n  of f l u i d  samples and 
t h e s e  methods w i l l  be reviewed. 
The c l e a n i n g  of f l u i d  sample c o n t a i n e r s  i s  p r e r e q u i s i t e  t o  achiev- 
ing a r e p r e s e n t a t i v e  sample from a system. There have been many errone- 
ous d e c i s i o n s  made based on t h e  contamination l e v e l  of f l u i d s  c o l l e c t e d  
i n  "d i r ty"  b o t t l e s .  A r i g i d  procedure has been developed a t  OSU i n  t h e  
course of t he  NASA f i l t r a t i o n  s t u d i e s  which has y i e lded  e x c e l l e n t  re- 
s u l t s ,  This  procedure i s  presented i n  Appendix B. 
The e x t r a c t i o n  of a f l u i d  sample e x h i b i t i n g  a contamination d i s t r i -  
bu t ion  equ iva len t  t o  t h a t  of t he  f l u i d  i n  t h e  system has been a phase of 
previous NASA c o n t r a c t s  a t  OSU. The technique developed has been an  im- 
po r t an t  p a r t  i n  ach iev ing  t h e  s p e c i f i c  o b j e c t i v e s  of t he  c u r r e n t  c o n t r a c t .  
In  o rde r  t o  avoid confusion among t h e  r e c i p i e n t s  of t h i s  r e p o r t ,  a f u l l  
exp lana t ion  i s  given i n  Appendix C of t h e  sampling technique used f o r  
t h i s  work. 
The method used t o  o b t a i n  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of a f l u i d  
sample u t i l i z e s  an automatic  p a r t i c l e  coun te r  which was s p e c i a l l y  c a l i -  
b ra t ed  t o  ag ree  w i t h  o p t i c a l  count d a t a .  The d e t a i l s  of t h e  method a r e  
explained i n  Appendix D. A d e t a i l e d  account of t h e  g rav ime t r i c  method 
used i n  v e r i f y i n g  the  r e s u l t s  under t h i s  c o n t r a c t  i s  presented i n  Appen- 
d i x  E.  
2 .8  EXPERIMENTAL VERIFICATION 
I n  an  at tempt  t o  develop procedures f o r  t h e  c o r r e l a t i o n  of f i l t r a -  
t i o n  performance r e l a t i v e  t o  t h e  needs of f l u i d  power components a non- 
gene ra t ing  hydrau l i c  system was f a b r i c a t e d .  The system was designed 
us ing  components which minimized t h e  en t r ance  of t h e  t h r e e  major types 
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of contamination: (1) environmental  contaminant,  (2)  generated contami- 
n a n t ,  and (3) b u i l t - i n  contaminant.  A low p res su re  s t a i n l e s s  steel  cen- 
t r i f u g a l  pump was u t i l i z e d  t o g e t h e r  w i th  s t a i n l e s s  s t ee l  tub ing  and a 
c l e a r  p l a s t i c  r e s e r v o i r .  
s i l t i n g  a r e a s .  
t imes ,  w i th  a l eng th  of tygon tub ing  conducting t h e  sample va lve  f l u i d  
t o  the r e s e r v o i r  when samples were n o t  being e x t r a c t e d .  
A l l  v a l v i n g  was of t h e  b a l l  type t o  reduce 
The sample va lve  was l e f t  i n  t h e  open p o s i t i o n  a t  a l l  
A f t e r  a number of mod i f i ca t ions  and in t e rven ing  tes ts ,  t he  s t and  
e x h i b i t e d  a non-generating c h a r a c t e r i s t i c .  Th i s  meant t h a t  t he  system 
would ma in ta in  t h e  same p a r t i c l e  s i z e  d i s t r i b u t i o n  over a four-hour c i r -  
c u l a t i o n  per iod.  
t h e  requirements of t h e  fol lowing types of t e s t s :  




4 .  
Contamination l e v e l  t r a j e c t o r i e s  r e s u l t i n g  from i n c r e a s i n g  t h e  
q u a n t i t y  of a s p e c i f i c  contaminating m a t e r i a l .  
C o r r e l a t i n g  a c t i v e  system contamination l e v e l s  w i th  cleanroom 
bench type  tes t s .  
Contamination l e v e l  t r a j e c t o r i e s  r e s u l t i n g  from a s p e c i f i c  f i l -  
t e r  i n  t h e  system. The a p p r a i s a l  of f i l t r a t i o n  performance by 
t h i s  method w i l l  be d i scussed  i n  Chapter 111. 
Evaluat ing t h e  e f f e c t  of  v a r i o u s  contaminat ion l e v e l s  on spool  
va lve  performance. The resu l t s  of t h i s  work w i l l  be d i scussed  
i n  Chapter I V .  
The r e s u l t s  of t h e  contaminant l e v e l  t es t s  us ing  the  non-generating t e s t  
s t and  a r e  presented w i t h  the a i d  of t h e  C l e a n l i n e s s  Level Chart .  
T e s t  No. 1 above a series of i n j e c t i o n s  of AC Fine T e s t  Dust were made 
i n  t h e  s t a n d ,  f l u i d  c i r c u l a t e d  f o r  approximately 30 minutes and samples 
e x t r a c t e d .  The resu l t s  of a t y p i c a l  s e r i e s  of i n j e c t i o n s  a r e  g r a p h i c a l l y  




d i sp layed  i n  Fig.  2-5. It can be n o t i c e d  t h a t  t h e  t r a j e c t o r y  i n i t i a t e d  
a t  a volume l e v e l  l i n e  of 52 and became tangent  t o  a volume l e v e l  of 5 1  
a s  contaminant was i n j e c t e d .  The f i g u r e  shows t h a t  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  e x h i b i t e d  by AC Fine i n  t h i s  system i n d i c a t e s  an average 
p a r t i c l e  volume of 200 cub ic  microns according t o  Table 2-1. 
t r i c  l e v e l s  obtained from cleanroom tests c o r r e l a t e d  p e r f e c t l y  wi th  t h e  
uncorrected g rav ime t r i c  v a l u e s  i n d i c a t e d  by t h e  c h a r t .  T h i s  r e v e l a t i o n  
s u b s t a n t i a t e s  c u r r e n t  shape f a c t o r  s t u d i e s  by Fred Cole a t  t h e  Bendix 
F i l t e r  D iv i s ion  on AC F ine  Test D u s t .  The shape f a c t o r  of t h e  contami- 
nant  appears  t o  o f f s e t  t h e  d e n s i t y  f a c t o r  of approximately 2.5.  
Gravime- 
Numerous cleanroom t e s t s  have been performed on p a r t i c l e  s i z e  d i s -  
t r i b u t i o n s  of AC Fine Test D u s t .  Conclusive cleanroom resu l t s  ( s t a t i c  
t e s t )  i n d i c a t e  t h a t  t h e  contaminant has a volume l e v e l  of 52.5.  These 
r e s u l t s  do n o t  ag ree  wi th  t h e  d i s t r i b u t i o n s  ob ta ined  from t h e  non-gen- 
e r a t i n g  s t and  which produced a l e v e l  of 51. One answer t h a t  can be ad- 
vanced a t  t h i s  t i m e  i s  t h a t  t h e r e  i s  a d i f f e r e n c e  between s t a t i c  and 
dynamic tes ts .  Notice a s t eady  s t a t e  i s  reached where t h e  t r a j e c t o r y  
becomes tangent  t o  the 5 1  volume l i n e .  Fu tu re  tes ts  should more f u l l y  
e x p l a i n  t h e  discrepancy i n  resu l t s .  
2 9 CONCLUSIONS AND RECOMMENDATIONS 
The development and u t i l i z a t i o n  of t h e  C l e a n l i n e s s  Level Chart  has 
revealed new i n s i g h t  i n t o  the  problems of contaminat ion l e v e l s .  The 
c h a r t  q u a n t i t a t i v e l y  d e p i c t s  t h e  in f luence  of system v a r i a b l e s  on t h e  
contaminat ion l e v e l .  For t h e  f i r s t  t i m e  it appears  conc lus ive ly  t h a t  
a proper e v a l u a t i o n  of contaminat ion l e v e l s  can be o f f e r e d .  
The major t a s k  remaining a t  t h i s  t i m e  i s  gaining a d d i t i o n a l  experi-  










can appear on t h e  c h a r t .  For example, r ecen t  tes ts  have shown t h a t  w i r e  
c l o t h  may a l low i n c r e a s e s  i n  t h e  g rav ime t r i c  l e v e l  while  dec reas ing  t h e  
average p a r t i c l e  s i z e .  I n  some cases  of depth media, however, gravi-  
metric l e v e l  decreased while  t h e  average p a r t i c l e  s i z e  increased.  I f  
f u t u r e  work v e r i f i e s  t h e  c o n d i t i o n s  conc lus ive  t o  t h e s e  resul ts ,  a new 
method has  been discovered i n  s p e c i f y i n g  t h e  type f i l t r a t i o n  needed t o  







Mechanical media, which a r e  used f o r  f i l t e r i n g  contaminat ing p a r t i -  
c les  from dynamic f l u i d  s t reams,  a r e  d e s c r i p t i v e l y  ca t egor i zed  a s  e i t h e r  
s u r f a c e  or depth m a t e r i a l s .  The b a s i c  ques t ion  i s ,  what a r e  t h e i r  d i f -  
f e r ences?  And secondly,  i f  t h e r e  a r e  d i f f e r e n c e s ,  when i s  one medium 
eype p re fe r r ed  over  t h e  o t h e r  i n  terms of f u n c t i o n a l  requirements? 
The answer t o  t h e  f i r s t  ques t ion  i s  obvious.  S t r i c t l y  speaking,  a 
medium i s  of  t he  s u r f a c e  o r  depth  ca t egory  depending on where t h e  con- 
tamina t ing  p a r t i c l e s  a r e  r e t a i n e d  wi th  r e s p e c t  t o  t h e  medium i n  ques- 
t i o n .  When a medium r e t a i n s  p a r t i c l e s  i n  i t s  dep ths ,  i t  is  a c t i n g  a s  a 
depth  medium. When p a r t i c l e s  come t o  rest on t h e  s u r f a c e  of a medium, 
then  it i s  a s u r f a c e  medium. Th i s  i s  t o  s a y ,  a medium may a c t  i n  e i t h e r  
o r  bo th  c a t e g o r i e s ,  even s imul taneous ly ,  depending on t h e  r e l a t i v e  pro- 
p e r t i e s  of t h e  medium and t h e  contaminat ion p a r t i c l e s .  Conclus ive ly ,  
t h e  d i f f e r e n c e  between t h e  two i s  s t r i c t l y  f u n c t i o n a l .  
S t r u c t u r a l  d i f f e r e n c e s  come i n t o  meaningful p lay  only  when a s i z e  
range i s  s p e c i f i e d  f o r  t h e  contaminat ion popula t ion  which i s  t o  be sub- 
j e c t e d  t o  t h e  f i l t e r i n g  a c t i o n .  I n  t h e  c a s e s  of aerospace  hydrau l i c  
and f u e l  systems,  t h e  contaminat ion popula t ion  have been g e n e r a l l y  des- 
c r i b e d .  There,  w i r e  c l o t h  i s  a prime example of t he  s u r f a c e  media 
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ca tegory ;  and randomly o r i e n t e d  f i b e r  m a t r i c e s  a r e  i d e n t i f i e d  i n  t h e  
depth media category.  
By t h e  way of a g e n e r a l  c h a r a c t e r i z a t i o n ,  t he  flow passages of s u r -  
f ace  media a r e  simple j u s t  a s  t h e i r  f i l t r a t i o n  mechanism i s  r e l a t i v e l y  
uncomplicated. 
l a r g e r  t han  t h e  pore openings and a g a t e  t o  many of the sma l l e r  p a r t i -  
c l e s .  Exce l l en t  manufacturing c o n t r o l  and s u p e r i o r  s t r u c t u r a l  r e l i a b i l -  
i t y  a r e  g e n e r a l l y  a t t r i b u t e d  t o  t h e  wire c l o t h  v a r i e t y  of s u r f a c e  media. 
Surface media can produce a sha rp  wire  c l a s s i f i c a t i o n  i n  t h e  e f f l u e n t ,  
but  t h e i r  contamination c a p a c i t y  i s  low by some s t anda rds .  
They o f f e r  a v e r i t a b l e  b a r r i e r  t o  a l l  s o l i d  p a r t i c l e s  
Depth media e x h i b i t  flow passages which a r e  more complex and r e l a -  
t i v e l y  long. The f i l t r a t i o n  mechanism i s  a l s o  complex. Besides o f f e r -  
ing a b a r r i e r  t o  l a r g e r  p a r t i c l e s  a t  i t s  s u r f a c e ,  a depth f i l t e r  o f f e r s  
absorbent  t r a p s  t o  t h e  sma l l e r  p a r t i c l e s  t h a t  f i n d  t h e i r  way i n t o  the  
i n t e r s t i c e s  of t h e  media. They achieve s e p a r a t i o n  of contamination 
which inc ludes  t h e  small  p a r t i c l e  s i z e  range which may go unchallenged 
by s u r f a c e  media. 
s u r f a c e  media. And t h e  hazard of media mig ra t ion  tends t o  be more promi- 
nen t .  A s  a f i n a l  mention, t h e  contaminat ion c a p a c i t y  of depth media 
appears t o  be high.  
Manufacturing c o n t r o l  i s  not  a s  p r e c i s e  a s  w i th  most 
Both s u r f a c e  media and depth media have t h e i r  l i m i t a t i o n s  and a t -  
t r i b u t e s .  S i n g u l a r l y ,  a p p l i c a t i o n s  can be found where one type o r  t he  
o t h e r  works “best” .  Based on l a b o r a t o r y  examination, when used t o g e t h e r  
t he  media combination may be capable  of producing f i l t r a t i o n  of unequaled 
qua 1 i t y  a 
It fol lows t h a t  the second ques t ion  i s  much more d i f f i c u l t  t o  re- 
so lve .  There a r e  always many p e r t i n e n t  eng inee r ing  a s p e c t s  which m u s t  
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be c a r e f u l l y  weighed r e l a t i v e  t o  s p e c i f i c  a p p l i c a t i o n s .  Such a s :  in- 
i t i a l  c o s t  , maintenance c o s t  , s t r u c t u r a l  r e l i a b i l i t y ,  s i z e  and weight 
l i m i t a t i o n s  , contamination c a p a c i t y ,  b u i l t -  i n  Contamination, s e p a r a t i o n  
e f f i c i e n c y ,  and contaminat ion r e t e n t i o n  r e l i a b i l i t y ,  t o  mention a few. 
However, t h e  r e sea rch  conducted a t  Oklahoma S t a t e  U n i v e r s i t y  i n  the f i l -  
t r a t i o n  a r e a  i s  o r i e n t e d  mainly towards t h e  s tudy of t he  b a s i c  n a t u r e  of 
f i l t r a t i o n .  
whereby a s c i e n t i f i c  b a s i s  f o r  the s p e c i f i c a t i o n  and des ign  of f i l t r a -  
t i o n  systems w i l l  be secured u l t i m a t e l y .  
The premise i s  t h a t  f i l t r a t i o n  theo ry  can be e s t a b l i s h e d  
3 . 2  DEPTH MEDIA FILTRATION 
F l u i d  t r ansmiss ion  and contamination r e t e n t i o n  a r e  t h e  two funda- 
mental  f u n c t i o n s  of hydrau l i c  f i l t e r s .  
two func t ions  e s t a b l i s h e s  the  b a s i c  goals  f o r  f i l t r a t i o n  r e sea rch .  Con- 
s i d e r i n g  only t h e  fundamental f u n c t i o n s  of f i l t e r  media, i t  i s  easy  t o  
d e f i n e  t h e  p e r f e c t  contamination f i l t e r  f o r  f l u i d s .  This  would be t h e  
f i l t e r  t h a t  o f f e r s  ze ro  r e s i s t a n c e  t o  flow and an i n f i n i t e  r e s i s t a n c e  
t o  t h e  t r ansmiss ion  of contamination p a r t i c l e s .  I n  a r e a l i s t i c  s ense ,  
t h e  b a s i c  goa l s  f o r  r e s e a r c h  i n  f i l t r a t i o n  m u s t  be t o  determine a quan- 
t i t a t i v e  d e s c r i p t i o n  of f i l t r a t i o n  parameters whereby t h e  i n t e r - r e l a -  
The opposing n a t u r e  of t hese  
t i o n s h i p s  of flow, p re s su re  and o t h e r  f i l t r a t i o n  c h a r a c t e r i s t i c s  a r e  
comprehensively expressed,  
The important parameters of s u r f a c e  media f i l t r a t i o n  have been de- 
l i n e a t e d  by means of t h e  r e s e a r c h  conducted i n  t h e  pas t  phases of t h i s  
p r o j e c t .  Design c r i t e r i o n  i n  terms of media p r o p e r t i e s  have been set  
f o r t h  f o r  u s e  by t h e  i n d u s t r y .  The r e fe renced  r e sea rch  has continued 
i n t o  the a r e a  of dep th  media f i l t r a t i o n .  S p e c i f i c  i n t e r e s t  has been 








A s  it  has been s t a t e d  p rev ious ly ,  t h e  work i s  g e n e r a l l y  concerned wi th  
the  expansion of f i l t r a t i o n  theo ry  which w i l l  produce a s c i e n t i f i c  b a s i s  
f o r  t h e  s p e c i f i c a t i o n  and des ign  of mechanical f i l t r a t i o n  systems. With 
depth media playing an  i n c r e a s i n g  r o l e  i n  contaminat ion c o n t r o l  f o r  
hydrau l i c  systems, t h e  need f o r  such s tudy i s  u r g e n t ,  and the  expecta- 
t i o n s  f o r  ach iev ing  t h e  u l t i m a t e  goa l  a r e  c l e a r l y  more a t t a i n a b l e .  
It has been r epor t ed  i n  e a r l i e r  phases of t h i s  r e sea rch  e f f o r t  t h a t  
a high degree of agreement i s  e x h i b i t e d  when the  mean pore s i z e  of the 
normal d i s t r i b u t i o n  a s s o c i a t e d  wi th  a good q u a l i t y  w i r e  c l o t h  medium i s  
determined by mercury i n t r u s i o n  and f i l t r a t i o n  e f f i c i e n c y  techniques.  
It has a l s o  been demonstrated t h a t  t h e  mean pore s i z e ,  determined by 
t h e  f i l t r a t i o n  e f f i c i e n c y  method, can be used i n  t h e  formulat ion of an  
e x c e l l e n t  mathematical  flow and f i l t r a t i o n  model a p p l i c a b l e  t o  wire 
c l o t h  medium. P h i l o s o p h i c a l l y ,  t h e  success  t h a t  has been enjoyed means 
t h a t  t h e  f l u i d  "saw" the  passages through t h e  w i r e  c l o t h  the  same a s  
d i d  t h e  s o l i d  p a r t i c l e s .  This  i s  c e r t a i n l y  not  t h e  case  when depth 
media a r e  sub jec t ed  t o  t h e  same t e s t i n g  methods. Past  a t t empt s  t o  math- 
e m a t i c a l l y  model a depth medium using methods a p p l i c a b l e  f o r  w i r e  c l o t h  
show a marked discrepancy wi th  experimental  r e s u l t s .  Observations made 
du r ing  the  referenced r e sea rch  phase i n d i c a t e  t h a t  a mechanism s i m i l a r  
t o  cake f i l t r a t i o n  i s  more a p p l i c a b l e  t o  dep th  media f i l t r a t i o n  than  i s  
the  complete blocking mechanism which a p p l i e s  t o  w i r e  c l o t h .  However, 
t h e  a p p l i c a b i l i t y  of cake mode and n o n - a p p l i c a b i l i t y  of t he  blocking 
mode a r e  e x h i b i t e d  i n  degrees  t h a t  a r e  inf luenced by parametr ic  v a l u e s .  
Of cour se ,  t he  two c a s e s  a r e  a c t u a l l y  the  end p o i n t s  of t h e  f i l t r a t i o n  
spectrum. M a t e r i a l  i n  t h e  fol lowing s e c t i o n  i s  q u i t e  r e v e a l i n g  i n  re- 
f e rence  t o  t h e  preceeding s t a t emen t .  
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Research w i t h  su r face  and depth media has  revea led  t h a t  the  media 
parameters t h a t  e f f e c t  f l u i d  t ransmiss ion  and contaminat ion r e t e n t i o n  
a r e  no t  always i d e n t i c a l .  This  simple f a c t  proves t o  be v e r y  s i g n i f i -  
c a n t  t o  t h e  r e s u l t s  of t h e  c u r r e n t  work. For example, cons ide r  t h e  
fo l lowing  equat ion  which a p p l i e s  f o r  laminar flow of f l u i d  through f i l -  
t e r  media: 
P Q = -   AD^ 
3 2 p ~ L  (3- 1) 
where: Q i s  t h e  t o t a l  f low through a medium having an a r e a ,  A 
P i s  t h e  pressure  d i f f e r e n t i a l  ac ross  the  medium 
a i s  the  po ros i ty  of t h e  medium 
D i s  some e f f e c t i v e  diameter  of the  pores 
L i s  the  s h o r t e s t  poss ib l e  flow path through the  medium 
T i s  t h e  e f f e c t i v e  t o r t u o s i t y  of t he  flow pa ths  
b.'J is  t h e  dynamic v i s c o s i t y  of t he  f l u i d .  
Note t h a t  a l l  of the  flow a f f e c t i n g  parameters shown i n  Eq. (3-1) a r e  
a l s o  contaminat ion r e t e n t i o n  parameters.  The only  f u n c t i o n a l  d i f f e r -  
ences a r e  t h e  f a c t s  t h a t  i n  r e s p e c t  t o  t h e  f l u i d ,  t ransmiss ion  i s  a l -  
lowed and i n  r e spec t  t o  the  contaminat ion p a r t i c l e s ,  t ransmiss ion  may 
be denied.  Hence, t h e  idea  of t h e  opposing na tu re  of t ransmiss ion  and 
r e t e n t i o n  i s  presented i n  an  a n a l y t i c a l  sense .  
3.3 EXPERIMENTAL ACTIVITIES 
Before Eq. (3-1) can be used f o r  t h e  s p e c i f i c a t i o n  and des ign  of 
f i l t e r s ,  t h e  media parameters m u s t  be measurable q u a n t i t i e s .  And i n  a 
r igorous  a n a l y t i c a l  s ense ,  t h e  v a r i a t i o n s  of t h e  parameters ,  due t o  t h e  
presence of f i l t r a t i o n ,  r e q u i r e  t h e  gene ra l  express ion  t o  be a 
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d i f f e r e n t i a l  equa t ion .  Equation (3-1) then i s  a s t eady  s t a t e  s o l u t i o n  
t o  t h e  d i f f e r e n t i a l  equat ion  of f i l t r a t i o n .  
Except i n  s p e c i a l  c a s e s ,  none of t h e  techniques employed i n  meas- 
u r i n g  D f o r  wire  c l o t h  have proved s u c c e s s f u l  w i t h  depth media. 
peated a t t empt s  i n  t e s t i n g  and c o r r e l a t i o n  of t h e  r e s u l t i n g  d a t a  have 
been f u t i l e  i n  t h e  s u c c e s s f u l  resu l t  domain. The fo l lowing  d i s c u s s i o n s  
summarize t h e  t e s t i n g  and t h e i r  r e s p e c t i v e  r e s u l t s .  
Re- 
1. Bubble and B o i l i n g  T e s t s  - Since t h e  bubbles c r e a t e d  by f o r c i n g  
a i r  through submerged media specimens, i n  accordance w i t h  t h e  
p rope r ty  of r e l a t i v e  s u r f a c e  t e n s i o n ,  are formed a t  t h e  s u r f a c e  
of t h e  media, t h e  measurement i s  p e r t i n e n t  only t o  t h e  s u r f a c e  
openings of t h e  m a t e r i a l .  The non-uniformity i n  openings a t  
t h e  s u r f a c e  of many randomly o r i e n t e d  f i b e r  beds reduces t h e  
in fo rma t ion  gained from t h e s e  t e s t s  t o  an  almost meaningless 
number. Some conc lus ions  from t h e  t e s t s  can be gained,  b u t  
t h e s e  conclusions should be tempered w i t h  extremely c a u t i o u s  
a n a l y s i s .  Two u s e f u l  a p p l i c a t i o n s  f o r  bubble t e s t i n g  depth 
media a r e  f o r  q u a l i t a t i v e  a n a l y s i s  of  t h e  e f f e c t i v e n e s s  of 
seals  a t  t h e  seams and end caps of f i l t e r  e lements ,  and f o r  es- 
t a b l i s h i n g  a gene ra l  idea  of t h e  n a t u r e  of t h e  pore s i z e  d i s -  
t r i b u t i o n  which c h a r a c t e r i z e s  t h e  medium i n  ques t ion .  For  t h e  
t r u e  depth m a t r i x ,  r e l a t i v e  t o  t h e  contaminat ion found i n  or- 
d i n a r y  h y d r a u l i c  systems, i t  appears  t h a t  a so -ca l l ed  b o i l i n g  
po in t  i s  no t  g e n e r a l l y  d i s t i n g u i s h a b l e .  
2 .  Mercury I n t r u s i o n  T e s t i n g  - The u s e f u l n e s s  of d a t a  which was 
generated by t h e  t e s t  procedure conducted f o r  determining pore 
s i z e s  remains i n  doubt.  It appears  t h a t  t h e  void  spaces  are 
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much t o o  l a r g e  and i r r e g u l a r ,  i n  r e l a t i o n  t o  t h e  c o n t r o l  d i -  
mensions of t h e  medium, t o  achieve s u f f i c i e n t  s e n s i t i v i t y  i n  
t h e  measurements. However, mercury i n t r u s i o n  is an e x c e l l e n t  
technique f o r  determining t h e  po ros i ty  of  depth media. 
3. F i l t r a t i o n  E f f i c i e n c y  Tes t ing  - This  technique was u t i l i z e d  t o  
determine information r e l a t i v e  t o  t h e  pore s i z e  d i s t r i b u t i o n  
of t h e  depth m a t e r i a l s  t h a t  have been t e s t e d .  I n  most c a s e s ,  
t h e  t e s t s  i n d i c a t e  a l og  normal cumulat ive d i s t r i b u t i o n  a s  one 
may expec t  f o r  randomly o r i en ted  f i b e r  ma t r i ces .  
4 .  E f f e c t i v e  F i l t r a t i o n  Diameter T e s t s  - The resul ts  of t h i s  t es t  
were inconclus ive  f o r  determining D . Since t h e  e f f i c i e n c i e s  e 
of t h e  media specimens were r e l a t i v e l y  h igh  a t  low micron 
s i z e s ,  t he  s e n s i t i v i t y  of t h i s  t e s t  may be too  low f o r  p r e c i s e  
a p p l i c a t i o n  t o  t h e  case .  
Addi t iona l  conclus ions  from t h e  t e s t s  mentioned above can be l i s t e d  a s  
fol lows : 
1. The techniques used t o  measure f i l t e r  media parameters i n  t h e  
c a s e  of w i r e  c l o t h  media w i l l  no t  i n  gene ra l  s e rve  wi th  s u f f i -  
c i e n t  u t i l i t y  f o r  measuring depth media parameters.  C e r t a i n l y ,  
t h e  b a s i c  f i l t r a t i o n  mechanisms f o r  depth  and su r face  media 
d i f f e r  g r e a t l y .  Surface f i l t e r s  f u n c t i o n  a s  a two dimensional 
s e i v e  where depth media a r e  more abso rp t ive  i n  na tu re .  
2 .  It appears  t h a t  t h e  main f i l t e r  parameters t h a t  c o n t r i b u t e  t o  
p a r t i c u l a t e  m a t t e r  r e t e n t i o n  i n  a randomly o r i en ted  f i b e r  ma- 
t r i x ,  on a s t eady  s t a t e  b a s i s ,  a r e  p o r o s i t y  p ) ,  depth  (L) ,  





i n d i v i d u a l  parameters are n o t  independent of each o t h e r ,  o r  of 
t h e  contaminat ion parameters which a r e  i m p l i c i t  i n  t h e  equa- 
t ion. 
3.  The mechanism of depth media f i l t r a t i o n  appears  t o  be v e r y  
s i m i l a r  t o  t h e  cake f i l t r a t i o n  phenomena t h a t  has been sug- 
ges t ed  by Hermans and Bredee. Op t i ca l  examination r e v e a l s  
t h a t  contaminat ion p a r t i c l e s  (such as A.C.  Fine Test Dust) 
t h a t  a r e  r e t a i n e d  i n  a f i b e r  ma t r ix  become more o r  l e s s  ab- 
sorbed w i t h i n  t h e  s t r u c t u r e  of t he  medium. More than  one par- 
t i c l e  becomes t rapped i n  i n d i v i d u a l  void spaces .  That i s ,  t he  
p a r t i c l e s  b u i l d  up a s o r t  of cake w i t h i n  t h e  l a b y r i n t h  of t h e  
media. The e x t e n t  of t h e  s i m i l a r i t y  i s  no t  c l e a r  f o r  t h e  gen- 
e r a l  c a s e  a t  t h i s  t i m e .  
E f f i c i e n c y  Tests 
Considering the  r e su l t s  and conclusions l i s t e d  above, a new experi-  
mental  approach was deemed necessa ry  i n  the  i n t e r e s t  of ach iev ing  in- 
s i g h t  t o  t h e  e f f e c t s  of t h e  p e r t i n e n t  depth f i l t r a t i o n  parameters.  A 
t e s t i n g  procedure was devised which appeared capable  of r e v e a l i n g  t h e  
n a t u r e  of some of t h e  apparent  e f f e c t s  t h a t  had been i n d i c a t e d  by t h e  
e a r l i e r  experimental  e f f o r t .  
The c rux  of t he  e s t a b l i s h e d  procedure is t o  determine t h e  f i l t r a -  
t i o n  e f f i c i e n c y  of f i b e r  type depth media i n  terms of a l l  of t he  media 
parameters t h a t  a r e  known t o  e f f e c t  f i l t r a t i o n  e f f i c i e n c i e s .  A subse- 
quent tes t  is conducted t o  measure t h e  flow space of t h e  medium. Theo- 
r e t i c a l l y ,  t h e  flow space measurement, c o r r e c t e d  by the  r e l a t e d  f i l t r a -  
t i o n  e f f i c i e n c y ,  should gene ra t e  a number which is  p ropor t iona l  t o  t h e  





A u s e f u l  form of the  app l i cab le  laminar flow r e l a t i o n s h i p  f o r  f i l -  
ter  media i s  g iven  by: 
p 2A2 
P. = 8lTry~LN (3- 2 ) 
Lumping t h e  nebulous parameters t oge the r ,  results i n  t h e  fo l lowing  
equat ion:  
2 2  KO+ A 
P. Q =  C L  (3- 3 )  
K ~ ~ ~ A ~  
It fo l lows  t h a t  t h e  f a c t o r  i s  simply the  s lope  of the  experi-  
menta l ly  generated flow pressure  curve f o r  a medium. 
Another laminar flow equa t ion  which r e l a t e s  gas  flow through a 
porous medium w i t h  t h e  p e r t i n e n t  parameters i s  
where: W = mass flow r a t e  
P1 = upstream pressure  
P2 = downstream p res su re  
D = c h a r a c e e r i s t i c  f low dimension 
L = d i s t a n c e  through medium 
K1 = cons tan t  determined from f i x e d  medium and s t eady  
s t a t e  gas p r o p e r t i e s .  
Provis ions  a r e  no t  made f o r  t h e  e f f e c t s  of a to r tuous  f low path i n  Eq. 
( 3 - 4 ) .  It i s  assumed t h a t  t h e  losses due t o  t o r t u o s i t y  of  t h e  gas flow 
path a r e  n e g l i g i b l e .  
By s e t t i n g  a f low r a t e  t o  produce a s p e c i f i c  p re s su re  drop,  Eq. 
( 3 - 4 )  is  reduced t o  
D4 
L wK2. 
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Mul t ip ly ing  Eq. (3-5)  by t h e  s l o p e  f a c t o r  of Eq. (3-3)  and i n v e r t i n g  
g ives  
where K /W can be determined expe r imen ta l ly  f o r  t h e  given f l u i d  media. 5 
Equation (3-6) c o n t a i n s  a l l  t h e  unknowns t h a t  a r e  u s u a l l y  d i f f i c u l t  
t o  measure i n  a depth medium. Also,  t h e  v a r i a b l e s  a r e  i n  t h e  proper 
arrangement f o r  a p o s s i b l e  c o r r e l a t i o n  through p r o p o r t i o n a l i t y  w i t h  
f i l t r a t i o n  e f f i c i e n c y .  The f a c t o r  on the  l e f t  i s  r e f e r r e d  t o  h e r e a f t e r  
i n  t h i s  r e p o r t  a s  t h e  " F i l t r a t i o n  E f f i c i e n c y  Constant ,  Z." 
F i l f r a t i o n  e f f i c i e n c y  t e s t s  on a g rav ime t r i c  b a s i s  u s ing  i n j e c t i o n s  
of A .  C .  Fine Test Dus t  i n  MIL-5606 hydrau l i c  f l u i d ,  have been conducted, 
Figure 3-1 shows a s t r a i g h t  l i n e  c o r r e l a t i o n  r e p r e s e n t i n g  t h e  t r end  of 
t he  d a t a  from t h e  e f f i c i e n c y  tes ts  wi th  v a r i a t i o n s  of Z.  A l l  d a t a  
p o i n t s  d e v i a t e  from t h e  l i n e  by l e s s  t han  t e n  pe rcen t .  The l i n e  i s  con- 
s i d e r e d  t o  be a reasonable  experimental  c o r r e l a t i o n  f o r  contaminat ion 
d a t a  of t h i s  type.  Subsequent t es t s  a r e  now being conducted on a g r e a t -  
er  v a r i e t y  of t h e  f i b e r  type medium i n  the i n t e r e s t  of ga in ing  add i t ion -  
a l  s t a t i s t i c a l  i n f e r e n c e  t o  t h e  t r end .  
Contaminant Capaci ty  T e s t s  
Because of t h e  na tu re  of contaminant entrapment t h a t  occurs  i n  the  
f i b e r  m a t r i x ,  i t  i s  theo r i zed  t h a t ' a .  depph medium's s p e c i f i c  contami- 
nant  c a p a c i t y  i s  r e l a t e d  t o  the space w i t h i n  t h e  medium t h a t  i s  a v a i l -  
a b l e  t o  t h e  flow of f l u i d .  The s p e c i f i c  contaminant c a p a c i t y  of a f i l -  





t h a t  i s  r equ i r ed  t o  "plug" t h e  medium. 
when t h e  pressure drop i n c r e a s e s  t o  an a r b i t r a r i l y  s p e c i f i e d  l i m i t .  
A medium i s  s a i d  t o  be "plugged" 
Taking Eq. ( 3 - 4 )  which r e l a t e s  t h e  mass flow of a i r  through a por- 
ous medium under s t eady  s t a t e  c o n d i t i o n s ,  and combining c o n s t a n t s ,  g ives  
2 
w = -  lAo 
L (3 -  7 )  
where: A i s  s a i d  t o  be a v a l u e  r e p r e s e n t i n g  t h e  t o t a l  a r e a  of 
t h e  flow paths  0 
L i s  t h e  l eng th  of t h e  flow path 
C i s  a c o n s t a n t  of p r o p o r t i o n a l i t y  c a l c u l a t e d  wi th  a 
f i x e d  p res su re  s e t t i n g  and c o n s t a n t  f l u i d  p r o p e r t i e s .  1 
I n  o rde r  t o  e v a l u a t e  t h e  va lue  of A i n  Eq. (3-7) ,  w i t h  contami- 
0 
nant  c a p a c i t y ,  experimental  tes ts  were performed. The Contaminant ca- 
p a c i t y  t es t s  were conducted on v a r i o u s  media specimens us ing  A . C .  Fine 
Test D u s t  i n j e c t e d  i n t o  MIL-5606 hydrau l i c  f l u i d .  The apparent  contami- 
nant  c a p a c i t y  was taken a s  t h e  amount (weight) of t h e  i n j e c t e d  contam- 
i n a n t  t h a t  corresponds t o  a p re s su re  drop of 10 p s i  a c r o s s  t h e  medium. 
i 
Figure 3 - 2  shows a t y p i c a l  loading curve f o r  the depth media t e s t e d .  
Of c o u r s e ,  t he  weight of t h e  i n j e c t e d  contaminant i nc ludes  t h e  weight of 
t h e  contaminant t h a t  i s  t r a n s m i t t e d  through t h e  medium a s  w e l l  a s  t h e  
contaminant r e t a i n e d  by t h e  medium. 
nant  capac i ty"  i s  meaningful ly  app l i ed .  The va lue  i s  c o r r e c t e d  t o  t h e  
" t r u e  contaminant capac i ty"  when i t  i s  m u l t i p l i e d  by t h e  s e p a r a t i o n  e f -  
f i c i e n c y  t h a t  had been determined previously f o r  t h e  medium. 
done by using c o r r e l a t e d  e f f i c i e n c y  va lues  taken from the  curve shown 
i n  Fig.  3 - 1 .  
Hence , t h e  term "apparent contami- 
This  was 
Figure 3 - 3  i s  an example of s o  c a l l e d  t r u e  contaminant c a p a c i t y  
d a t a  p l o t t e d  a g a i n s t  t h e  h y p o t h e t i c a l  parameter,  A . A s  i n  t h e  
0 
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i l l u s t r a t i o n  of t h e  e f f i c i e n c y  d a t a  c o r r e l a t i o n ,  t h e  s t r a i g h t  l i n e  was 
drawn a r b i t r a r i l y  t o  r e p r e s e n t  t h e  d i s c e r n i b l e  t r end  of t h e  d a t a .  The 
q u a l i t y  of even t h i s  crude experimental  c o r r e l a t i o n  i s  good by most 
s t anda rds  i n  t h e  s u b j e c t  a r e a  of r e sea rch .  
3 . 4  EXPERIMENTAL RESULTS OF FILTRATION RESEARCH USING CLEANLINESS 
LEVEL CONCEPTS 
Chapter I1 d i scussed  the  concept of c l e a n l i n e s s  l e v e l  r ep resen ta -  
t i o n  and measurement a s  i t  i s  being app l i ed  i n  gene ra l  through t h e  re- 
sea rch  work of t h i s  p r o j e c t .  Fundamentally, t he  concept o f  c l e a n l i n e s s  
l e v e l  r e p r e s e n t a t i o n  w i l l  probably mean a s  much t o  contamination c o n t r o l  
and f l u i d  power system design a s  any o t h e r  s i n g l e  c o n t r i b u t i o n  t o  modern 
f l u i d  power technology. 
The work on t h i s  p r o j e c t ,  applying t h e  concept t o  f i l t r a t i o n ,  i s  
t y p i c a l l y  i l l u s t r a t i v e  t o  t h e  above claim. The information t h a t  i s  re- 
ported h e r e i n  w i l l  show the  r e s u l t s  of simply applying t h e  b a s i c  meas- 
u r i n g  technique t o  d e s c r i b e  c a s e s  of f i l t e r i n g  a c t i o n .  
B r i e f l y ,  t he  procedure involved use  of t he  low contamination gener- 
a t i n g  s t and  which was desc r ibed  i n  Chapter 11. A c l e a n l i n e s s  l e v e l  was 
a r t i f i c i a l l y  e s t a b l i s h e d  i n  t h e  c i r c u l a t i n g  f l u i d  of t h e  s t and  by adding 
an amount of A.C .  Fine T e s t  D u s t .  A f t e r  t h e  c l e a n l i n e s s  l e v e l  of t he  
f l u i d  was i d e n t i f i e d ,  t h e  contaminated f l u i d  was then  s y s t e m a t i c a l l y  
sub jec t ed  t o  t h e  f i l t e r i n g  a c t i o n  of f l a t  specimens of a depth media and 
wire c l o t h ,  i n  t h a t  o r d e r .  Samples of the c i r c u l a t i n g  f l u i d  were taken 
f o r  a n a l y s i s  of t h e  f i l t e r i n g  act iOn a t  d i s c r e t e  t i m e s .  
Figure 3-4 g r a p h i c a l l y  i l l u s t r a t e s  t h e  t y p i c a l  p a r t i c l e  count re- 
s u l t s  obtained from t h e  t es t s .  The cumulative p a r t i c l e  coun t s ,  a s  de- 












































determined a t  OSU) a r e  l i s t e d  i n  Table 3-1. This  t a b l e  i s  f o r  a w i r e  
c l o t h  specimen (165-1400 Dutch T w i l l  Weave). Table 3-2 i s  a compilat ion 
of s i m i l a r  d a t a  from tes ts  conducted on a nominal 10 micron, randomly 
o r i e n t e d  f i b e r  medium. 
The upper most s t r a i g h t  l i n e  of Fig.  3-4 r e p r e s e n t s  t h e  cumulative 
contaminant p a r t i c l e  s i ze  d i s t r i b u t i o n  as was i n i t i a l l y  e s t a b l i s h e d  i n  
t h e  non-generating system. Notice t h a t  t h e  d i s t r i b u t i o n  of t h e  t es t  
d u s t  i s  of t h e  log-log v a r i e t y .  The v a r i e t y  i s  similar t o  t h a t  which 2 
has been found through t h e  a n a l y s i s  of many samples from o p e r a t i o n a l  
f l u i d  power systems, That i s ,  f l u i d  power systems o p e r a t i n g  i n  conjunc- 
t i o n  w i t h  a i r b o r n e ,  s t a t i o n a r y ,  e a r t h  moving, indoor and outdoor equip- 
ment. 
The o t h e r  s t r a i g h t  l i n e  which i s  r e fe renced  t o  the  a f f e c t i n g  ran- 
domly o r i e n t e d  f i b e r  f i l t e r i n g  medium r e p r e s e n t s  a change i n  p a r t i c l e  
d i s t r i b u t i o n  as w e l l  as a weight q u a n t i t y  change. The l i n e  i s  s t e e p e r ,  
showing a decrease i n  t h e  average p a r t i c l e  s i z e .  And, t h e  r educ t ion  i n  
counts  of a l l  s i z e s  p re sen t  r e p r e s e n t s  a weight q u a n t i t y  removal. An- 
o t h e r  i n t e r e s t i n g  note  t o  t h e  s h i f t  of t h e  l i n e  comes t o  l i g h t  by r e a l -  
i z i n g  t h a t  t h e  randomly o r i e n t e d  f i b e r  medium t h a t  w a s  used a l s o  ex- 
h i b i t s  a log-log2 d i s t r i b u t i o n  i n  i t s  e f f e c t i v e  f i l t e r i n g  pore s i z e s .  
The composite of s t r a i g h t  l i n e s  which i s  referenced t o  t h e  a f f e c t -  
i ng  wire c l o t h  medium, i l l u s t a t e s  an i n t e r e s t i n g  po in t .  Although t h e  
knee of t h e  composite i s  shown t o  occur e x a c t l y  a t  t h e  10 micron s i z e ,  
t h e  accuracy of t h a t  s i z e  has no t  been determined a t  t h i s  t i m e .  The 
po in t  i s  n e v e r t h e l e s s ,  t h e r e  i s  a d e f i n i t e  knee,  which i s  theo r i zed  t o  
be a s s o c i a t e d  w i t h  t h e  w e l l  de f ined  performance n a t u r e  of similar wire 
c l o t h  m a t e r i a l s .  The composite l i n e  i l l u s t r a t e s  a performance type t h a t  
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TABLE 3 - 1  
W I R E  CLOTH 165-1400 MESH 
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can  be c o r r e c t l y  a s s o c i a t e d  w i t h  t h e  e f f e c t  r e s u l t i n g  from f i l t e r i n g  a 
2 log- l o g  contaminant popu la t ion  through a normal pore s i z e  d i s t r i b u t i o n ,  
Obviously, t h e  i m p l i c a t i o n s  of t h e s e  t y p i c a l  r e s u l t s  are as promis- 
ing  as t h e y  are i n t e r e s t i n g .  I n  l i g h t  of  s e c u r i n g  theo ry  f o r  t h e  sup- 
p o r t  of g e n e r a l  system and s p e c i f i c  a p p l i c a t i o n  d e s i g n ,  a way t o  pro- 
ceed w i t h  suppor t ing  r e s e a r c h  i s  c l e a r .  
3.5 SUMMARY 
S p e c i f i c  conclusions based on d i s c r e t e  tes ts  were presented i n  t h e  
preceeding s e c t i o n s  of t h i s  c h a p t e r .  However, it i s  premature t o  a r t i c u -  
l a t e  gene ra l  conc lus ions  based on t h e  work done up t o  t h e  t ime of t h i s  
w r i t i n g .  More t e s t s  and ana lyses  are r e q u i r e d ,  and are be ing  conducted, 
f o r  t h e  purpose of suppor t ing  general conc lus ions  on t h e  performance of 
depth media f i l t e r s  
A b a s i c  d i f f e r e n c e  i n  t h e  performance of w i r e  c l o t h  f i l t e r s  and 
depth media f i l t e r s  i s  i n d i c a t e d  by t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  
used i n  a comparison of performance of a wire c l o t h  and a dep th  medium 
f i l t e r .  Of c o u r s e ,  one would reasonably expect  a d i f f e r e n c e  i n  t h e  sep- 
a r a t i o n  performance of a medium w i t h  a normal pore s i z e  d i s t r i b u t i o n  
{ w i r e  c l o t h )  and a medium w i t h  a log-log2 d i s t r i b u t i o n  (randomly o r i -  
ented f i b e r  depth media). What i s  important about  t h e  e x i s t i n g  perform- 
ance d i f f e r e n c e s  i s  t h a t  f l e x i b i l i t y  of  media s e l e c t i o n  f o r  s p e c i f i c  
a p p l i c a t i o n  requirements  i s  enhanced. Thinking i n  terns of c o n t r o l l i n g  
t h e  s i z e  d i s t r i b u t i o n  as w e l l  as t h e  q u a n t i t y  of contaminat ion,  where 
t h e  two i n  combination c o n s t i t u t e  a de f ined  contaminat ion l e v e l ,  it be- 
comes apparent  t h a t  t h e  proper s e l e c t i o n  of a f i l t e r i n g  medium o r  media 
i s  c r i t i c a l ,  Experience bea r s  o u t  t h a t  f i l t e r i n g  medium s e l e c t i o n  must 
be made w i t h  f u l l  cognizance of  t h e  contaminat ion s i t u a t i o n  i n  terms of 
(" 
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contaminant parameters and component s e n s i t i v i t y  t o  the e x i s t i n g  contam- 
i n a t i o n ,  It fol lows t h a t  contaminat ion l e v e l s ,  contamination s e n s i t i v -  
i t y ,  and c a p a b i l i t i e s  f o r  contamination c o n t r o l  should a l l  be measured 
i n  t h e  same contaminat ion l e v e l  terms. I n  t h i s  way, a l lowable contami- 
n a t i o n  s t anda rds  w i t h  s c i e n t i f i c  bases ,  can be se t  and p rope r ly  main- 
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CHAPTER I V  
CONTAMINATION TOLERANCE LEVEL 
4 .1  INTRODUCTION 
The contamination t o l e r a n c e  l e v e l  of a component i n  a system must 
be de f ined  as t h e  maximum Contamination l e v e l  of t h e  f l u i d  being sub- 
j e c t e d  t o  t h e  component, which w i l l  no t  a f f e c t  t he  performance, relia- 
b i l i t y  o r  l i f e  of t h e  component. I n  o t h e r  words, a component t h a t  i s  
not  s e n s i t i v e  t o  t h e  l e v e l  of contaminants i n  t h e  f l u i d  does n o t  "real- 
ize"  t h e  presence of t h e  extraneous material  and t h e r e f o r e ,  as f a r  as 
the  component i s  concerned, t h e  contaminat ion does n o t  e x i s t .  
The i n d i v i d u a l  o p e r a t i n g  elements ,  comprising a system component , 
impose e x p l i c i t  l i m i t a t i o n s  upon t h e  contaminat ion l e v e l  of t h e  f l u i d  
because of t h e  n a t u r e  of t he  f a b r i c a t i o n  material ,  component design con- 
f i g u r a t i o n ,  o p e r a t i n g  c o n d i t i o n s ,  and f l u i d  p r o p e r t i e s .  These limita- 
t i o n s  on t h e  contaminat ion l e v e l  e s t a b l i s h  t h e  contaminat ion t o l e r a n c e  
l e v e l  f o r  t h e  component, and the  t o l e r a n c e  f o r  a system of components is 
e s t a b l i s h e d  by the  contaminant t Q l e r a n c e  l e v e l  of t h e  g r e a t e s t  contami- 
nant s e n s i t i v e  component included i n  t h e  sys  t e m .  
The importance of having a mathematical ly  r igo rous  method f o r  ex- 
p r e s s i n g  t h e  contaminat ion l e v e l  of t h e  f l u i d  i n  a system should be 
recognized. Obviously, without  such a method a s p e c i f i c a t i o n  f o r  t he  
contamination t o l e r a n c e  l e v e l  of a component would be undefinable  and 
a t  b e s t  would r e f l e c t  a q u a l i t a t i v e  cond i t ion .  The C lean l ines s  Level 
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i I Chart  developed and presented i n  Chapter I1 has provided an  e f f e c t i v e  
method t o  s p e c i f y  and d i s p l a y  t o l e r a n c e  l e v e l s .  Th i s  method permits  a 
t o l e r a n c e  l e v e l  t o  be e s t a b l i s h e d  u t i l i z i n g  procedures commonly used i n  
t h e  cleanroom t o  e v a l u a t e  f l u i d  samples .  Knowing t h e  contaminat ion 
l e v e l  of t h e  f l u i d  being sub jec t ed  t0 .a  given component, p e r m i t s  t h e  
appra isa l  of v a r i o u s  contaminat ion l e v e l s  on t h e  performance of t he  com- 
ponent. 
4.2 FACTORS AFFECTING TOLERANCE LEVELS 
The f a c t o r s  a f f e c t i n g  t h e  contaminat ion t o l e r a n c e  l e v e l  of a com- 
ponent i n  a system are r e l a t e d  d i r e c t l y  t o  t h e  c o n f i g u r a t i o n  of t h e  
component, t h e  f a b r i c a t i o n  materials,  t he  o p e r a t i n g  c o n d i t i o n s ,  and t h e  
p r o p e r t i e s  of t h e  f l u i d  used i n  t h e  system. A l i s t  of t hese  f a c t o r s  
would include the  fol lowing:  
1. Component Conf igu ra t ion  F a c t o r s  
a. element des ign  
b. c l e a r a n c e s  
c .  s u r f a c e  f i n i s h  
d .  s u r f a c e  hardness 
e .  h e a t  d i s s i p a t i o n  from c r i t i c a l  areas 
2.  Component Material F a c t o r s  
a. seals - e la s tomers  
b. bea r ings  
c. housings and s l e e v e s  
d.  moving p a r t s  
3 .  Opera t iona l  F a c t o r s  
a. o p e r a t i n g  speed 
b. o p e r a t i n g  p res su re  
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c . opera t ing  t e m p e r a t u r e  
d .  a c t u a t i n g  f o r c e  
e .  environmental  envelope 
4 .  F l u i d  Proper ty  Fac to r s  
a. f l u i d  v i s c o s i t y  
b.  f i l m  s t r e n g t h  - boundary l a y e r  t h i ckness  
c .  su r face  t ens ion  
The components used i n  a f l u i d  system u t i l i z e  a combination of sev- 
eral  b a s i c  mechanisms of e lements .  The manner i n  which these  mechanisms 
a r e  used w i t h i n  a component e s t a b l i s h e s  n o t  on ly  t h e  contaminant t o l e r -  
ance of t h e  component bu t  a l s o  t h e  contaminant gene ra t ion  c h a r a c t e r i s t i c s  
of t he  system. The types  of r e l a t i v e  motion between su r faces  and spaces  
where movement of f l u i d  occurs  may be l i s t e d  as fo l lows:  
1. Rota t ing  s h a f t  w i t h i n  a bea r ing  
2 .  Linear  motion of a p i s ton ,  spool  o r  s h a f t  w i t h i n  a c y l i n d e r  o r  
seal 
3 .  Rota t ing  d i s c s  
4 .  S l i d i n g  p l a t e s  
5. O r i f i c e s  - f l u i d  f lowing p a s t  s t a t i o n a r y  p a r t s .  
These b a s i c  e lements  are i l l u s t r a t e d  i n  F ig .  4-1. The r o t a t i n g  s h a f t  
w i t h i n  a bea r ing  is  used i n  a l l  types  of hydrau l i c  pumps and motors.  
L inear  a c t u a t i o n  c h a r a c t e r i z e s  t h e  motion i n  hydrau l i c  c y l i n d e r s ,  spool  
va lves  and p i s t o n  pumps. Rota t ing  d i s c s  d e s c r i b e  t h e  a c t i o n  i n  p r a c t i -  
c a l l y  a l l  types  of pumps and motors such as between gear  p in ions  and wear 
p l a t e s  and between c y l i n d e r  chamber and va lve  p l a t e s .  
a c t i o n  i s  e x h i b i t e d  by t h e  r e l a t i v e  movement of gear  t o o t h  t i p s  a g a i n s t  
t h e  gear  housing and a l s o  between t h e  lead ing  edge of a vane and t h e  
A s l i d i n g  p l a t e  
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(a)  ROTATING SHAFT WITHIN (b) LINEAR ACTUATION 
A BEARING 
(e) ROTATING DISCS ( d )  SLIDING 
(e)  OR1 FICE (erosion 1 
Figure 4 - 1 .  BASLC COMPONENT MECHANISMS. 
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inner  per iphery  of t h e  c a m  r e a c t i o n  r i n g  i n  a vane pump. The o r i f i c e  
r e p r e s e n t s  a fundamental c o n f i g u r a t i o n  i n  a l l  types  of f l u i d  components. 
I n  t h e  case of a pump, f a i l u r e s  can g e n e r a l l y  be c l a s s i f i e d  as 
e i t h e r  mechanical f a i l u r e s  o r  vo lumetr ic  f a i l u r e s .  Examples of mechani- 
c a l  f a i l u r e s  are wear and d e s t r u c t i o n  of b a l l  bea r ings ,  s t i c k i n g  and 
dragging of p i s tons  i n  t h e  bo res ,  p i t t i n g  and breaking  of gear  t e e t h ,  
c r ack ing  of vanes ,  d e t e r i o r a t i o n  of vane s l o t s ,  and backlash  i n  t h e  con- 
t r o l  l inkages .  I n  h igh  p res su re  pumps t h e  c l o s e  t o l e r a n c e s ,  smooth f in -  
i s h e s  and l u b r i c a t i o n  provis ions  set  t h e  s t a g e  f o r  contaminants t o  wedge, 
gouge, abrade and d e s t r o y  dynamic component s u r f a c e s .  The volumetr ic  
f a i l u r e  of a pump u s u a l l y  does no t  happen suddenly,  bu t  i s  r a t h e r  a slow, 
s teady  process  of d e t e r i o r a t i o n  of t h e  u n i t ' s  ou tpu t .  Direct and ind i -  
r e c t  damage t o  s e a l i n g  s u r f a c e s  account f o r  vo lumetr ic  f a i l u r e .  Exam- 
p l e s  of vo lumetr ic  f a i l u r e s  are enlargement of leakage pa ths ,  wedging 
a p a r t  of s e a l i n g  members, and wear i n  guides ,  bea r ings ,  and r e t a i n e r s  
which cause s e a l i n g  members t o  change p o s i t i o n  r e l a t i v e  t o  each o t h e r .  
4 . 3  ESTABLISHING CONTAMINANT TOLERANCE LEVELS 
The contaminant t o l e rance  l e v e l  of a component used i n  a f l u i d  sys- 
t e m  g e n e r a l l y  involves  s u b j e c t i n g  t h e  component o r  element under consid- 
e r a t i o n  t o  f l u i d s  con ta in ing  known q u a n t i t i e s  of s p e c i f i c  contaminants 
having a p a r t i c u l a r  s i z e  d i s t r i b u t i o n .  E s s e n t i a l l y  two types  of t e s t s  
are performed on a s p e c i f i c  component: 
1. Size  s e n s i t f v i t y  tests 
2 .  Q u a n t i t y  s e n s i t i v i t y  t es t s  
I n  t h e  s i z e  s e n s i t i v i t y  t es t  t h e  s p e c i f i e d  contaminant i s  c l a s s i f i e d  
i n t o  f i x e d  s i z e  ranges (such as 0-5, 5-10, 10-15, e t c .  microns).  A 
s p e c i f i e d  q u a n t i t y  of each s i z e  range i s  i n j e c t e d  i n t o  a c i r c u l a t i n g  
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system con ta in ing  t h e  prescr ibed  component. 
reached where the  component e x h i b i t s  a s i g n i f i c a n t  change i n  performance, 
t he  upper s i z e  range has  been e s t a b l i s h e d .  
t y p i c a l  performance curve f o r  a component when sub jec t ed  t o  v a r i o u s  
s i z e s  of contaminant.  The Contaminant s i z e  s e n s i t i v i t y  of t he  component 
ob ta ined  i n  t h i s  manner e s t a b l i s h e s  t h e  s i z e  r a t i n g  of t h e  system‘s f i l -  
t e r  needed t o  p r o t e c t  t h e  component. 
When thevs i ze  range i s  
F igure  4-2 i l l u s t r a t e s  a 
The q u a n t i t y  s e n s i t i v i t y  t e s t  determines the  g rav ime t r i c  amount of 
contaminant which t h e  component can t o l e r a t e  wi thout  i n f luenc ing  i t s  
performance. The s i z e  of t h e  contaminant used i n  t h e  s e n s i t i v i t y  t o  
q u a n t i t y  tes ts  must e x h i b i t  an upper l i m i t  d i c t a t e d  by t h e  s i z e  sens i -  
t i v i t y  tes ts .  I n  p r a c t i c e ,  t he  p a r t i c l e s  i n  a contaminant s i z e  d i s t r i -  
bu t ion  exceeding t h e  s i z e  s e n s i t i v i t y  l i m i t  of t h e  component are re- 
moved by a p a r t i c l e  c l a s s i f i e r .  Various q u a n t i t i e s  of the  prepared con- 
taminant are sub jec t ed  t o  the  component i n  a c i r c u l a t i n g  system. The 
g rav ime t r i c  contaminat ion l e v e l  of t he  f l u i d  where t h e  component e x h i b i t s  
a s i g n i f i c a n t  change i n  performance e s t a b l i s h e s  t h e  maximum contaminant 
q u a n t i t y  which can e x i s t  i n  t h e  f l u i d .  The va lue  of t h e  maximum con- 
taminant q u a n t i t y  as obtained from t h e  above descr ibed  tes t  has a d i r e c t  
i n f luence  on t h e  r equ i r ed  c h a r a c t e r i s t i c s  of t h e  system f i l t e r .  I n  a 
gene ra t ing  system, if t h e  f i l t e r  i s  no t  capable  of removing s u f f i c i e n t  
contaminant ( r ega rd le s s  of i t s  pore s i z e  d i s t r i b u t i o n )  from t h e  f l u i d  
t o  s t a y  w i t h i n  the  s p e c i f i e d  g rav ime t r i c  l i m i t  i t  i s  not  s u i t a b l e  f o r  
t h e  p r o t e c t i o n  of t h e  component. A curve v e r y  similar t o  F ig .  4-2 i s  
obtained from t h e  d a t a  i n  a q u a n t i t y  s e n s i t i v i t y  t es t  except  t h a t  g rav i -  













I . . ..I 
I n  o rde r  f o r  contaminant t o l e r a n c e  l e v e l  
meaningful,  t h e  contaminant s i z e  and q u a n t i t y  
ponent must be expressed i n  terms r e l a t i v e  t o  
tes ts  t o  be p h y s i c a l l y  
s e n s i t i v i t i e s  of t h e  com- 
a c l e a n l i n e s s  l e v e l  stand- 
a rd .  Using t h e  C l e a n l i n e s s  Level Chart  presented i n  Chapter 11, a spe- 
c i f i c  area of t h e  Chart  can be e s t a b l i s h e d  as an a c c e p t a b l e  l e v e l  of 
contaminat ion f o r  t h e  component, For  example, t h e  s i z e  s e n s i t i v i t y  of 
t h e  component can e s t a b l i s h  t h e  maximum al lowable s lope  of t h e  p a r t i c l e  
s i z e  d i s t r i b u t i o n  curve (average p a r t i c l e  volume l i n e  on t h e  Char t )  and 
t h e  q u a n t i t y  s e n s i t i v i t y  can e s t a b l i s h  t h e  maximum al lowable g rav ime t r i c  
bounds on t h e  Chart .  Hence, a t y p i c a l  contaminant t o l e r a n c e  l e v e l  spe- 
c i f i c a t i o n  f o r  a component would be i n d i c a t e d  on t h e  C lean l ines s  Level 
Chart  as shown by t h e  c r o s s  hatched area i n  F ig .  4 - 3 .  The contamination 
l e v e l  f o r  an accep tab le  f l u i d  m u s t  e x h i b i t  c l e a n l i n e s s  l e v e l  v a l u e s  
w i t h i n  t h e  s p e c i f i e d  area on t h e  Chart .  
It should be recognized t h a t  a component such as a p res su re  compen- 
s a t e d  p i s t o n  pump may e x h i b i t  a double s i z e  s e n s i t i v i t y .  The normal 
s i z e  s e n s i t i v i t y  expres ses  t h e  maximum s i z e  d i s t r i b u t i o n  curve which 
m u s t  not  be exceeded. The compensator va lve  may impose a d d i t i o n a l  re- 
s t r i c t i o n s  such as t h e  g rav ime t r i c  l e v e l  of t h e  p a r t i c l e s  i n  t h e  f l u i d  
below say 5 microns.  I n  t h i s  c a s e ,  the s lope  of t h e  d i s t r i b u t i o n  curve 
m u s t  a l s o  be l i m i t e d  so  as n o t  t o  exceed a s p e c i f i e d  q u a n t i t y  of low 
micron ( s i l t i n g  type )  p a r t i c l e s .  Such a c o n d i t i o n  can be s p e c i f i e d  on 
t h e  C l e a n l i n e s s  Level Chart  as shown i n  Fig.  4-4. 
I n  o rde r  t o  e s t a b l i s h  the  contaminant t o l e r a n c e  l e v e l s  of hydrau l i c  
components, o p e r a t i o n a l  parameters m u s t  be de f ined  and used from which 
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Opera t iona l  o r  performance parameters which have been used t o  measure 
and d e t e c t  t h e  e f f e c t s  of contaminat ion on components are as fol lows:  
1. 
2. 
3 .  






Mechanical Eff iciericy 
Volumetric Ef f i c  iency 
Valve H y s t e r e s i s  
Ac tua t ing  Force 
Ac tua t ing  Torque 
Change i n  Leakage 
Contaminant Generat i on  
Creep C h a r a c t e r i s t i c s  i n  Cyl inders  
T i m e  t o  S t i c k  a Valve 
I n  most t e s t s ,  i t  i s  w i s e  t o  employ more than  one performance c r i t e r i a  
un le s s  experience has shown t h a t  one parameter i s  s u f f i c i e n t .  For ex- 
ample ,  i n  a f i x e d  displacement pump, t h e  mechanical and volumetr ic  e f -  
f i c i e n c i e s  have been demonstrated t o  be q u i t e  adequate f o r  use  as opera- 
t i o n a l  parameters.  
Pump and motor contaminant t o l e r a n c e  l e v e l  t e s t s  are of n e c e s s i t y  
a d e s t r u c t i v e  type t e s t .  This  i s  due t o  t h e  f a c t  t h a t  t h e  change i n  
performance parameters r e s u l t s  from t h e  pa r t i a l  s e l f  d e s t r u c t i o n  of t h e  
component. Clearance spaces are enlarged by t h e  contaminant as a r e s u l t  
of t h e  o p e r a t i o n  of t h e  component. To d a t e ,  no s a t i s f a c t o r y  t e s t  has 
been developed f o r  high speed r o t a t i n g  machinery t o  circumvent t h e  des- 
t r u c t i o n  of t h e  component. 
Non-destructive tes ts  are f e a s i b l e  f o r  components such as va lves .  
I n  t h i s  c a s e ,  o p e r a t i o n a l  parameters a r e  a v a i l a b l e  t o  measu re  t h e  change 
i n  performance which does no t  depend upon t h e  d e t e r i o r a t i o n  of t h e  p a r t s  
of t h e  component. Hence f o r  a v a l v e ,  an i n c r e a s e  i n  the  a c t u a t i n g  f o r c e  




necessa ry  t o  open t h e  p o r t s  i s  no t  i n  i t s e l f  r e l a t e d  t o  t h e  d e s t r u c t i o n  
of t h e  component's s u r f a c e s .  The s i l t i n g  n a t u r e  of a v a l v e  o r  i t s  sus-  
c e p t i b i l i t y  t o  s t i c k i n g  i s  of p r i m e  importance i n  s p e c i f y i n g  t h e  con- 
taminant t o l e r a n c e  l e v e l .  
The most contaminant s e n s i t i v e  element w i t h i n  a component e s t ab -  
l i s h e s  t h e  contaminant t o l e r a n c e  l e v e l  f o r  t h e  component. This  concept 
a l so  a p p l i e s  t o  a system because t h e  most contaminant s e n s i t i v e  component 
i n  t h e  system e s t a b l i s h e s  t h e  contamination l e v e l  l i m i t s  f o r  t h e  e n t i r e  
system. Hence , t h e  importance of contaminant t o l e r a n c e  l e v e l  r e sea rch  
can be apprec i a t ed  s i n c e  i t  may lead t o  t h e  o v e r a l l  r e l a x a t i o n  of con- 
taminat ion l e v e l  l i m i t s .  
4 .4  PRELIMINARY EXPERIMENTAL WORK 
Exploratory s t u d i e s  d i r e c t l y  concerned wi th  t h e  contaminant t o l e r -  
ance l e v e l s  of f l u i d  components have been conducted a t  Oklahoma State  
Un ive r s i ty  s i n c e  1963. M r .  M. L. Wolf (5) developed t h e  f i r s t  procedure 
f o r  measuring t h e  contaminant t o l e r a n c e  l e v e l s  f o r  pumps while  a gradu- 
a t e  s t u d e n t  a t  OSU. Modif icat ions t o  Wolf 's  procedure have r e s u l t e d  i n  
a s i m p l e  t es t  y i e l d i n g  d a t a  t h a t  have a d i r e c t  c o r r e l a t i o n  wi th  the  con- 
taminat ion l e v e l  of a system. The o p e r a t i o n a l  parameters employed by 
Wolf and subsequent i n v e s t i g a t o r s  of pumps were t h e  mechanical and vol- 
u m e t r i c  e f f i c i e n c y .  T e s t  r e s u l t s  e x h i b i t e d  s i g n i f i c a n t  breaks i n  t h e  
performance curves when t h e  s i z e  and q u a n t i t y  s e n s i t i v i t y  l i m i t s  were 
reached. Prel iminary work on pumps has included t o l e r a n c e  s t u d i e s  f o r  
g e a r ,  vane and p i s t o n  types.  F i e l d  resu l t s  have c o r r e l a t e d  e x c e p t i o n a l l y  
w e l l  w i th  t h e  e s t a b l i s h e d  l a b o r a t o r y  t es t  l i m i t s .  I n  a d d i t i o n ,  t he  con- 
taminant t o l e r a n c e  tes ts  have proved ve ry  u s e f u l  i n  a p p r a i s i n g  t h e  e f -  
f e c t i v e n e s s  of v a r i o u s  bea r ing  des igns .  
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Experimental work on t h e  contaminant t o l e r a n c e  l e v e l s  of hydrau l i c  
c y l i n d e r s  has been conducted over t h e  p a s t  two y e a r s ,  
sub jec t ed  t o  high l e v e l s  of contamination tend t o  gene ra t e  p a r t i c l e s  due 
t o  t h e  d e t e r i o r a t i o n  of t h e  w a l l s  of t he  c y l i n d e r ,  i t  w a s  reasoned t h a t  
changes i n  p a r t i c l e  s i z e  d i s t r i b u t i o n  might be a v a l i d  o p e r a t i o n a l  par- 
ameter. T e s t  r e s u l t s  have not  s u b s t a n t i a t e d  t h i s  premise  because t h e  
Since c y l i n d e r s  
generated p a r t i c l e s  do no t  produce a s i g n i f i c a n t  change i n  t h e  o v e r a l l  
contamination l e v e l  of t h e  f l u i d .  The most r e l i a b l e  performance param- 
e te r  f o r  c y l i n d e r s  appears t o  be a c r e e p  tes t ,  
e f f e c t i v e  change i n  f l u i d  leakage ac ross  t h e  p i s t o n .  I n  t h e  c y l i n d e r  
t e s t s ,  t h e  c y l i n d e r  being i n v e s t i g a t e d  i s  cycled by means of a d r i v e  
c y l i n d e r .  
Th i s  t e s t  measures t h e  
Most of t he  prel iminary experimental  work a t  OSU on contaminant 
t o l e r a n c e  l e v e l s  has been a s s o c i a t e d  with va lves .  The t i m e  r equ i r ed  t o  
cause s t i c k i n g  of a va lve  f o r c e  t h a t  i s  p e r i o d i c a l l y  a c t i v a t e d  by a 
f i x e d  magnitude has been e x t e n s i v e l y  employed as an  o p e r a t i o n a l  param- 
e t e r  t o  appra i se  va lve  performance. Various types of contaminant,  con- 
taminant s i z e s ,  d i s t r i b u t i o n s  and q u a n t i t i e s  have been app l i ed  wi th  a 
high degree of success .  I n  one t y p i c a l  c a s e ,  a spool  va lve  having a 
r a d i c a l  c l ea rance  of 0.0002 inches w a s  t e s t e d  on a t i m e  t o  s t i c k  b a s i s  
with v a r i o u s  s i z e s  of contaminant.  The va lve  d i d  not show any s i g n i f i -  
c a n t  s e n s i t i v i t y  t o  contaminant except  i n  t h e  0-5 micron s i z e ,  Tests 
were then  conducted wi th  v a r i o u s  q u a n t i t i e s  of 0-5 micron contaminant 
which produced t h e  r e s u l t s  shown i n  Fig.  4-5. 
I n  ano the r  c a s e ,  a va lve  wi th  a 0.0002 inch r a d i a l  c l e a r a n c e  w a s  
t e s t e d  t h a t  contained p rov i s ions  f o r  measuring t h e  a c t u a t i n g  f o r c e  o r  
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Figure  4-5. Contaminant Q u a n t i t y  To le rance  Curve 









s i z e  d i s t r i b u t i o n s ,  and q u a n t i t i e s  of contaminants.  The f o r c e  v e r s u s  
t i m e  curve under v a r i o u s  c o n d i t i o n s  was e s t a b l i s h e d  f o r  t h e  v a l v e ,  and 
a t y p i c a l  r e p r e s e n t a t i o n  of t h i s  d a t a  i s  presented i n  F ig .  4-6. The 
curves i n  Fig.  4-6 r e p r e s e n t  v a r i o u s  g rav ime t r i c  l e v e l s  of a 5 0 ~ 5 0  mix- 
t u r e  of A . C .  Fine Test Dust and Carbonyl I r o n  E (4-6 microns) .  The 
percent  s t r o k i n g  f o r c e  used i n  F ig .  4-6 i s  t h e  r a t i o  of t h e  actual  
s t r o k i n g  f o r c e  t o  t h e  maximum a v a i l a b l e  s t r o k i n g  f o r c e .  
One of t h e  purposes i n  conducting t h e  e x p l o r a t o r y  and prel iminary 
experimental  work w a s  t o  d i scove r  a proper d i r e c t i o n  f o r  f u t u r e  s t u d i e s  
i n  contaminat ion t o l e r a n c e  l e v e l s .  The u l t i m a t e  g o a l  being t o  e s t ab -  
l i s h  dependable design techniques which would l ead  t o  the  r e l a x a t i o n  of 
t o l e r a n c e  l e v e l s  and t o  develop r e a l i s t i c  t es t s  f o r  contamination con- 
t r o l  purposes. The r e s u l t s  from experimental  work on t h r e e  matched 
v a l v e s ,  possessing r a d i a l  c l e a r a n c e s  of It, 2% and 5 microns,  respec- 
t i v e l y ,  gave encouraging evidence t h a t  the u l t i m a t e  goa l  could be 
achieved. The s i l t i n g  t i m e  t o  50% va lve  s t i c k i n g  was measured f o r  each 
va lve  wi th  v a r i o u s  q u a n t i t i e s  of contaminant The r e s u l t s  i n d i c a t e d  
t h a t  a c r i t i c a l  c l e a r a n c e  e x i s t e d  f o r  a s p e c i f i c  contaminant r e g a r d l e s s  
of t h e  q u a n t i t y  i n j e c t e d .  A r e p r e s e n t a t i v e  graph of t h i s  d a t a  f o r  Car- 
bonyl I r o n  i s  presented i n  Fig.  4-7. The t e s t s  on t h e s e  v a l v e s  have 
a l s o  revealed t h e  e f f e c t  of contaminant type on t h e  t o l e r a n c e  l e v e l  of 
such components. I n  a d d i t i o n ,  evidence came t o  l i g h t  from t h e s e  tes ts  
which e s t a b l i s h e s  t h e  d i r e c t i o n  needed f o r  r e l a x i n g  contaminant t o l e r -  
ance l e v e l s  f o r  v a l v e s  and p i s t o n  pumps. It w a s  w i th  t h i s  background 
information t h a t  t h e  c u r r e n t  experimental  t e s t  program w a s  i n i t i a t e d .  
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Figure  4-6 Contaminant Quan t i ty  Tolerance  Curves for a 
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Figure  4-7. Contaminant Quan t i ty  Tolerance Curves for  
50% Valve Using Carbonyl I ron .  
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4.5 CURRENT EXPERIMENTAL WORK 
The i n t e r a c t i o n s  t h a t  take p l ace  between t h e  mechanical f l u i d  power 
components and t h e  power t r ansmiss ion  medium ( the f l u i d )  are no t  abso- 
1u.tely understood today,  no t  t o  mention t h e  r e l a t i v e  e f f e c t s  of contam- 
i n a t i o n  t h a t  are a l s o  t r a n s m i t t e d  by means of t h e  f l u i d .  
of f l u i d s ,  compounded w i t h  e x i s t i n g  contaminat ion,  i n  minute spaces r e l -  
a t i v e  t o  dynamic boundaries  appears t o  be complex, and t h e  area deserves  
more r e s e a r c h ,  
The behavior  
Never the l e s s ,  previous work a t  OSU, e t  a l ,  has ind ica t ed  some va- 
l i d i t y  of using component c l ea rance  spaces as a means t o  d e t e c t  o r  
otherwise e v a l u a t e  contaminat ion l e v e l s  Accordingly,  it w a s  t heo r i zed  
t h a t  a d i s c r e t e  contaminat ion l e v e l  should e x h i b i t  a measurable a f f e c t  
upon t h e  c o n t r o l l e d  o p e r a t i o n  of a v a l v e  having a f i x e d  c l e a r a n c e .  
Hence, t h e  e f f e c t  could be expressed i n  terms of the  v a l v e ' s  f r i c t i o n a l  
s e n s i t i v i t y ,  c o r r e l a t e d  wi th  c l ea rances  , t o  contamination l e v e l s ,  U1- 
t i m a t e l y ,  a contaminat ion t o l e r a n c e  l e v e l  would be e s t a b l i s h e d  f o r  t he  
c o n f i g u r a t i o n  of t h e  va lve  and t h e  c o n d i t i o n s  of t h e  t e s t .  
The problem was t o  des ign  and develop a t e s t  f i x t u r e  i n  which 
c l e a r a n c e ,  s u r f a c e  f i n i s h e s ,  mater ia ls ,  and c o n f i g u r a t i o n s  could be var- 
i ed  and s t i l l  permit proper i n t e r p r e t a t i o n  of i t s  performance. A va lve  
concept of D r ,  E .  C.  F i t c h  w a s  s e l e c t e d ,  which would al low c l ea rances  
t o  be v a r i e d  w i t h i n  a spoo l  land chamber from ze ro  t o  any va lue  necessary 
f o r  t h e  t es t ,  
Prel iminary Leakage v s .  Clearance 
The va lve  t e s t  f i x t u r e  shown i n  Fig.  4-8 w a s  designed t o  permit 
v a r i o u s  l e v e l s  of contaminated f l u i d  t o  pass through the  t e s t  p o r t s .  
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bottom land by e s t a b l i s h i n g  independent f l u i d  p re s su res  i n  t h e  s l e e v e  
chamber. The s l e e v e  chamber p re s su re ,  t h e  t h i c k n e s s  of t he  s l eeve  a- 
round t h e  bottom l and ,  and the  i n t e r n a l  system p res su re  would in f luence  
t h e  r e s u l t i n g  c l e a r a n c e  va lves .  Hence, a q u a n t i t a t i v e  measure of t he  
c l e a r a n c e  could be ob ta ined  from measurements of t h e  a s s o c i a t e d  leakage 
P rov i s ion  was made t o  v a r y  t h e  c l e a r a n c e  a t  t h e  
f l u i d .  
I n  o r d e r  t o  v e r i f y  t h e  u t i l i t y  of t he  concept of t h e  v a r i a b l e  c l e a r -  
ance t e s t  f i x t u r e ,  t h e  t h e o r e t i c a l l y  designed assembly was f a b r i c a t e d  
a t  OSU. S p e c i a l  honing equipment was not used a t  t h a t  t i m e  because of 
t he  experimental  s ta te  of t h e  idea .  
i t y  t o  respond i n  c l ea rance  v a r i a t i o n s  i n  c o r r e l a t i o n  t o  changes of 
s l e e v e  chamber p r e s s u r e .  A system p r e s s u r e  of 1000 p s i  was introduced 
t o  t h e  v a l v e ,  s l e e v e  p res su re  v a r i e d ,  and leakage flow recorded. Fig.  
4-9 shows t h e  r e s u l t s  of t h e s e  t es t s .  As can  be noted from the  graph, 
a l i n e a r  flow c h a r a c t e r i s t i c  w a s  i n d i c a t e d .  
The f i x t u r e  w a s  t e s t e d  f o r  i t s  a b i l -  
The c l ea rance  was c a l c u l a t e d  from t h e  fo l lowing  Leakage Flow Rate 
Theory: i t  i s  w e l l  known t h a t  t h e  leakage flow rate  through an annu la r  
c l ea rance  between a p i s t o n  and bore of a hydrau l i c  o i l  pump, motor, o r  
va lve  i s  p r o p o r t i o n a l  t o  the  cube of t he  c l ea rance .  For s i t u a t i o n s  
where t h e  p i s t o n  and bo re  are e s s e n t i a l l y  c i r cu la r ,  p a r a l l e l  w i th  s u r -  
f a c e s  and axes,  t h e  b a s i c  flow r e l a t i o n s h i p  can  be expressed by 
and i f  a x i a l  p re s su re  d rop  i s  assumed l i n e a r ,  
TDC P 
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where a l l  v a r i a b l e s  are i n  l b .  f t .  sec. u n i t s  and Q is  t h e  leakage flow 
rate i n  f t .  /sec.; D i s  t h e  nominal diameter  of p i s t o n  and bore;  C i s  
t h e  nominal d i a m e t r a l  c l e a r a n c e  between p i s t o n  and bore;  
3 
i s  t h e  abso- 
l u t e  v i s c o s i t y  of t h e  o i l ;  L i s  t h e  l eng th  of t h e  p i s t o n  land; x r e f e r s  
t o  t h e  axial  d i r e c t i o n ;  p ( i m p l i c i t  i n  Eq. 4-1) i s  t h e  p re s su re  a t  any 
po in t  i n  t h e  c l ea rance  annulus;  6 =2e/C is  t h e  e c c e n t r i c i t y  r a t i o  des- 
c r i b i n g  t h e  r a d i a l  p o s i t i o n  of t h e  p i s t o n  i n  t h e  bore;  e i s  t h e  r a d i a l  
displacement of t h e  p i s t o n  and bore axes; P is  the  a x i a l  p re s su re  d rop  
along t h e  p i s t o n  land.  
t h e  d i scha rge  p res su re  i s  zero.  
Of c o u r s e ,  P i s  given by t h e  supply p re s su re  i f  
F igu re  4-10 shows t h e  g e n e r a l  p i s t o n  a t t i t u d e  r e f e r r e d  t o ,  t o g e t h e r  
w i th  t h e  l i m i t  c a s e s  of f u l l  c o n c e n t r i c i t y  and f u l l  e c c e n t r i c i t y .  The 
2 f a c t o r  (1 + 1.56. ) has a va lue  of 1 f o r  p e r f e c t  c o n c e n t r i c i t y  and 2.5 
f o r  f u l l  e c c e n t r i c i t y ,  showing t h e  range of leakage v a r i a t i o n  with the 
o t h e r  parameters held c o n s t a n t .  
Using more convent ional  leakage flow u n i t s ,  Eq. (4-2) becomes 
- !- (1 + 1.5s 2 ) i n  3 /min. 6 3. 
QX V L  (4- 3 ) 
-4  where D and L are expressed i n  inches ,  P i n  l b / i n 2 ,  C i n  10 
and v i s c o s i t y  ~ 1 ,  i s  i n  c e n t i p o i s e s ,  
i nches ,  
Prel iminary Valve Performance 
F u r t h e r  t e s t i n g ,  by means of a ' t e s t  f i x t u r e  as i l l u s t r a t e d  by F ig .  
4-11, i n d i c a t e d  t h a t  p i s t o n s  can experience f r i c t i o n a l  cond i t ions  i n  
t h e i r  bores  from one o r  more of t h e  fol lowing t h r e e  causes:  
1. Hydraulic lock - t h e  presence of a de-center ing l a t e ra l  f o r c e  
on t h e  p i s t o n  due t o  asymetrical p r e s s u r e  d i s t r i b u t i o n s  along 
68 
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t h e  p i s t o n ,  and man i fe s t s  i t s e l f  as a f r i c t i o n a l  r e s i s t a n c e  t o  
motion. 
2 .  Thermal Lock - p h y s i c a l  i n t e t f e r e n c e  between t h e  p i s t o n  and 
i t s  bore,  due t o  t h e  expansion-contract ion e f f e c t s  of tempera- 
t u r e  d i f f e r e n t i a l s  a c r o s s  t h e  components. 
3 .  Contamination Lock - an i n t e r f e r e n c e  phenomena due t o  t h e  pres- 
ence of hard p a r t i c l e s  of contaminant i n  and around t h e  c l e a r -  
ance space between p i s t o n  and bore.  The contaminant p a r t i c l e s  
can be fo rced  i n t o  the  c l ea rance  i n  t h e  leakage flow due t o  
t h e  a x i a l  p re s su re  drop along t h e  p i s t o n  l and ,  as w e l l  as taken 
i n  by means of v i scous  drag.  
The term "lock," a l though commonly used, may be an overstatement  
of t h e  phenomena desc r ibed .  Lock can va ry  from a b a r e l y  p e r c e p t i b l e  
s t i c k - s l i p  f e e l i n g  t o  complete jamming. With some s e n s i t i v e  components, 
even a s l i g h t  degree of s t i c k i n g  s e r i o u s l y  a f f e c t s  t h e i r  performance. 
The Viscosity-Temperature- Pressure C h a r a c t e r i s t i c s  of MIL-5606 
I n  t h i s  r e sea rch  a r e a ,  i t  became apparent  t h a t  v i s c o s i t y  i s  a most 
important parameter used i n  a s s e s s i n g  the  performance and l o s s e s  a t  
many p o i n t s  i n  a system ( f l u i d  l i n e  l o s s e s ,  c l ea rance  leakage l o s s e s ,  
pump and motor e f f i c i e n c i e s ,  e t c . ) .  
by both temperature  and p res su re .  It i s  most d e s i r a b l e  t h a t  one e s t ab -  
l i s h  t h e  t empera tu re -p res su re -v i scos i ty  c h a r a c t e r i s t i c s  of a system's 
hydrau l i c  f l u i d .  Usual ly ,  c a l c u l a t i o n s  of v i s c o s i t y  are made us ing  t h e  
e m p i r i c a l  isothermal  and i s o b a r i c  r e l a t i o n s h i p s  
The v i s c o s i t y  of t h e  o i l  i s  a f f e c t e d  
To k 
yl = woetP ( i so the rma l ) ;  p, = yo ($-) ( i s o b a r i c )  (4-4)  




where t h e  c o e f f i c i e n t s  $ and k of t h e  o i l  must be obtained.  I n  connec- 
t i o n  wi th  t h e  work r epor t ed  h e r e i n ,  t h e  EL -T-P r e l a t i o n s h i p s  of MIL-5606 
f l u i d  were necessa ry  t o  t h e  understanding o f ,  and t o  t h e  u t i l i z a t i o n  of 
t h e  performance and c l ea rance  assessments r equ i r ed  i n  t h e  referenced 
r e sea rch .  
c h a r a c t e r i s t i c s ,  i n  t h e  p re s su re  and temperature ranges of 0 - 10,000 
p s i  and 70 - 300"F, i s  r e s p e c t i v e l y  presented.  
A d e s c r i p t i o n  of t h e  experimental  e v a l u a t i o n  of t he  v i s c o s i t y  
A Ruska High P res su re  Viscometer was used. Th i s  u n i t ,  i l l u s t r a t e d  
i n  F ig .  4-12, a u t o m a t i c a l l y  measures t h e  t i m e  of t he  f a l l  of a b a l l  r o l -  
l i n g  down an i n c l i n e d  tube as t h e  measure of t h e  v i s c o s i t y  of t h e  f l u i d  
i n  t h e  tube.  The tube can be p re s su r i zed  t o  10,000 p s i ,  and it i s  jack- 
e t e d  t o  enable  s t eady  s t a t e  temperatures  t o  300°F t o  be achieved. 
t e m p e r a t u r e  c o n t r o l  i s  automatic ,  w i th  a d e s i r e d  va lue  s e t t i n g .  I n  the  
ready p o s i t i o n ,  t h e  s t e e l  b a l l  (about 0,250 inches i n  diameter)  i s  held 
magne t i ca l ly  a t  t h e  t o p  of t h e  tube (0.312 inch  b o r e ) .  A switch re- 
l e a s e s  t h e  b a l l  and s tar ts  t h e  t i m e r  s imultaneously.  The timer s t o p s  
a u t o m a t i c a l l y  when t h e  b a l l  reaches t h e  lower end of t he  tube.  The 
viscometer  can be given any of t h r e e  ang le s  of i n c l i n a t i o n  (23", 45", 
and 70"), a l lowing  f o r  a wide range of v i s c o s i t y  measurement. 
The 
The v i s c o s i t y  r ead ings  obtained i n  terms of seconds,  he re  r e f e r r e d  
t o  as 8" b s k a  seconds,  where 8 "  i s  t h e  angle  of i n c l i n a t i o n  used, Fig- 
u r e  4-13 shows t h e  70" Ruska seconds v e r s u s  p re s su re  resu l t s  obtained 
f o r  5606 over a range of temperatures .  As semi-log p l o t s ,  t he  v a r i a t i o n s  
i n  r ead ings ,  a t  d i s c r e t e  temperature  v a l u e s ,  are seen t o  be l i n e a r  bu t  
not  p a r a l l e l .  An i d e n t i c a l  family of curves  was obtained wi th  a 45" 
angle  of i n c l i n a t i o n ,  except  t h a t  t hey  were d i s p l a c e d  upwards on t h e  




I n  o rde r  t o  g e t  t h e  v i s c o s i t y  on an abso lu te  scale ( cen t ipo i se s ) ,  
an atmospheric- pressure-v iscos i ty-  temperature  curve w a s  ob ta ined  us ing  
a Brookfield viscometer .  F igure  4-14 shows t h i s  cu rve ,  obtained by us ing  
two samples of new 5606 o i l  from two independent manufacturers .  The 
measured r e s u l t s  were s i m i l a r  a t  least  t o  t h e  degree t h a t  F ig .  4-14 re- 
p resen t s  bo th  o i l s  w i t h  no measurable discrepancy.  
V a l u e s  of v i s c o s i t y  from F ig .  4-14 were c o r r e l a t e d  w i t h  t h e  70" 
Ruska second readings  on t h e  ze ro  p re s su re  o r d i n a t e  of Fig.  4-13. It 
w a s  found t h a t  t h e  c e n t i p o i s e  scale so  e s t a b l i s h e d  was a log-log s c a l e .  
Then, u s ing  log- log  ( v i s c o s i t y )  ve r sus  l i n e a r  (pressure)  coord ina te s  , 
and t ak ing  cons t an t  v i s c o s i t y  va lues  of temperature  and pressure  from 
Fig .  4-13, p o i n t s  of cons t an t  temperature  were p l o t t e d  on Fig.  4-15. 
These po in t s  y i e lded  t h e  family of p a r a l l e l  i so thermal  l i n e s  shown on 
Fig .  4-15- The equa t ion  f o r  t hese  curves i s  
(4- 5 1 T lOg(1OgLL) = 0.000015 P-0,569 log E 
where PI i s  t h e  v i s c o s i t y  a t  P, T ,  i n  c e n t i p o i s e s ;  P i s  t h e  p re s su re ,  
p s i ,  T i s  t h e  temperature  F. 
The equat ion  w a s  computerized, and the  T-P- IJ, c h a r a c t e r i s t i c s  of 
F ig .  4-16 were c a l c u l a t e d ,  F igure  4-16 and Fig .  4-15 ( the  experimental  
r e s u l t s )  are v i r t u a l l y  i d e n t i c a l ,  
The ra te  of f a l l  of t h e  b a l l  i n  t h e  tube of t h e  viscometer  i s  de- 
pendent on t h e  c l ea rance  between t h e  b a l l  and t h e  bore ,  I f  t h e  h igh  
pressures  used should expand t h i s  c l ea rance ,  t h e  c o r r e l a t i o n  between 
readings  of v i s c o s i t y  taken  wi th  t h e  Brookf i e l d  viscometer  a t  atmospheric 
p r e s s u r e ,  and high p res su re  r e s u l t s  from t h e  Ruska u n i t  would be i n v a l i d .  









t h e  o u t s i d e  of t h e  tube is  t h e  same as i n  the  bore.  Hence, no p res su re  
expansion of t h e  bore t a k e s  place.  
t o  t h e  volume of t h e  b a l l  i s  n e g l i g i b l e .  
b a l l  and tube i s  i n s e n s i t i v e  t o  p re s su re .  
t r a v e l  i s  una f fec t ed  by p res su re  expansions of t h e  c l ea rance .  
The e f f e c t  of pressure i n  changes 
Hence, t h e  c l ea rance  between 
That i s ,  t h e  t i m e  t h e  b a l l ' s  
The tem- 
p e r a t u r e  of t h e  o i l  w i l l  a f f e c t  both t h e  tube bore diameter  and t h e  b a l l  
diameter .  I f  t h e  temperature e f f e c t  causes  t h e  c l ea rance  t o  v a r y  s i g n i -  
f ican t l :y ,  t h e  v i s c o s i t y  c o r r e l a t i o n  is a f f e c t e d .  The th i ck -wa l l  cy l in -  
de r  r a d i a l  t empera tu re - s t r a in  r e l a t i o n s h i p  can be used t o  e x p l a i n  t h i s  
phenomena as fol lows:  
2 2  
(1-3D)r +ri (l+a) 
r - r  
[(I -to)/ T r  d r  +- 2 2 9'0 T r  d r  3 ( 4 4 6 )  
r 
a A, =------- 
r r (1- 0 )  i 
i 0 - i  
where: Q, i s  t h e  c o e f f i c i e n t  of thermal expansion; -0p i s  Poisson Rat io;  
T Cr) i s  temperature  g r a d i e n t .  Equation ( 4 - 6 )  reduces t o  
f o r  an e q u i l i b r i u m  temperature  and a f i x e d  i n t e r n a l  r ad ius .  The s o l i d  
sphere r a d i a l  s t r a i n  r e l a t i o n s h i p  i s  
2 T r  d 
r r 0 4 h  
( 3 h +  2p) 2 s o  Jz  Tr2dr + 
0 
= G  E v- = 2 ( 1  4-e-) where: I% = , and (1 + g) ( l -  2 6 )  
are Lame e l a s t i c  c o n s t a n t s .  Equation ( 4 - 6 )  reduces t o  
(4- 8 ) 
,are = a r o T  (4- 9 )  
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Thus, temperature  expansions of t h e  tube bo re  and of t h e  b a l l  are 
i d e n t i c a l ,  l eav ing  t h e  c l ea rance  and hence t h e  d rag  on t h e  b a l l ,  un- 
a f f e c t e d .  
Equation (4-5) and P ig .  4- 16 d e s c r i b e  t h e  temperature-pressure- 
v i s c o s i t y  c h a r a c t e r i s t i c s  of MIL-5606 Hydraulic O i l  i n  t h e  ranges of 
0 - 10,000 p s i  and 60 - 300'F. 
Deduced Approach 
I n  view of t h e  p re l imina ry  work, an a t t empt  t o  o b t a i n  r epea tab le  
va lve  performance r e s u l t s  and t o  have t h e s e  resu l t s  r e f l e c t  only a con- 
taminat ion c o r r e l a t i o n ,  which is  the  o b j e c t i v e  of t h i s  contaminat ion 
t o l e r a n c e  l e v e l  s tudy ,  t h e  causes  of thermal and hydrau l i c  lock had t o  
be e l i m i n a t e d ,  and c l e a n  o i l  had t o  be a v a i l a b l e .  
Steps t o  e l i m i n a t e  t h e  causes ,  mentioned p rev ious ly ,  of thermal and 
hydrau l i c  l ock ,  and t o  provide a source of "clean" o i l  were as fol lows:  
1. Engage a r epu tab le  company, C i n c i n n a t i  M i l l i n g  Machine Company, 
t o  c o n s t r u c t  a p r e c i s i o n  v a r i a b l e - c l e a r a n c e  device us ing  iden- 
t i c a l  m a t e r i a l f o r  t h e  s l e e v e  and t h e  spool .  
Use a low leakage p res su re  drop a c r o s s  t h e  spool  land. 
Design and c o n s t r u c t  a non-generating o i l  supply system. 
2.  
3 ,  
Earlier work had shown t h a t  a p r e c i s i o n  dev ice  would se rve  t o  e l i m -  
i n a t e  va lve  s t i c k i n g  due t o  thermal and hydrau l i c  lock. P r e c i s i o n  gr ind-  
ing and lapping were used t o  c r e a t e  a spool va lve  assembly t h a t  w a s  w e l l  
w i t h i n  c o n c e n t r i c i t y  l i m i t s  P r e c i s i o n  f a b r i c a t  i on  a l s o  minimized sur-  
f ace  c o n t a c t  between t h e  s l eeve  and t h e  spool  land. The p o s s i b i l i t y  of 
va lve  s t i c k i n g  through s u r f a c e  c o n t a c t  can be ampl i f i ed  by a high tem-  
p e r a t u r e  change a c r o s s  t h e  spool  l and ,  This  temperature change may re- 





d ec reas ing  t h e  p re s su re  d rop  a c r o s s  t h e  spool  land the  corresponding 
temperature  g r a d i e n t  i s  reduced and t h e  p o s s i b i l i t y  of thermal lock  i s  
decreased. The dec rease  i n  leakage p res su re  a l s o  s u b s t a n t i a l l y  dec reases  
the  p o s s i b i l i t y  of hydrau l i c  lock.  - 
Tes t  Procedure 
1, Leakage v s .  Clearance C a l i b r a t i o n  - The v a r i a b l e  c l ea rance  de- 
v i c e  w a s  c a l i b r a t e d  w i t h  c l e a n  o i l  which w a s  supp l i ed  by t h e  non-gener- 
a t i n g  s tand desc r ibed  p rev ious ly  i n  Chapter 11, The v a r i a b l e  c l ea rance  
f i x t u r e  i s  shown i n  F ig .  4-17. The non-generating s tand produces a low 
p res su re  i n s u r i n g  t h a t  a low p r e s s u r e  drop e x i s t s  a c r o s s  t h e  spool  l and ,  
High p res su re  o i l  i s  supp l i ed  by a s i n g l e  p i s t o n  p res su re  i n t e n s i f i e r  
and compresses the  s l e e v e  around one land of t h e  spool .  Hence, t h e  
c l ea rance  between t h e  s l e e v e  and the  spool  land i s  v a r i a b l e .  The leak- 
age i s  c o l l e c t e d  i n  graduated c y l i n d e r s  while  t he  t i m e  f o r  a p a r t i c u l a r  
q u a n t i t y  i s  measured. From t h i s  d a t a ,  flow ra te  and c l ea rance  were c a l -  
c u l a t e d .  The c a l i b r a t i o n  r e s u l t e d  i n  c o r r e l a t i n g  a leakage r a t e  (Q i n  
ml/min.) w i th  t h e  s l e e v e  p res su re  (P i n  ps ig )  and a c a l c u l a t e d  c l ea rance  
(C i n  lom4 i n . ) .  
d i s p l a y s  t h e  c o r r e l a t i o n .  
Table 6-1 l i s t s  t h i s  d a t a  while  Fig.  4-18 g r a p h i c a l l y  
2, Clearance v s ,  Actuat ing Force C a l i b r a t i o n  - Supplying c l e a n  o i l  
from t h e  non-generating s t and  t o  t h e  f i x t u r e  shown i n  F ig .  4-17 a l s o  
provides d a t a  f o r  c o r r e l a t i n g  t h e  c l e a r a n c e  of the v a r i a b l e  c l ea rance  
device with an a c t u a t i n g  f o r c e .  The a c t u a t i n g  f o r c e  was read i n  terms 
of m i l i v o l t s  ou tpu t  from t h e  f o r c e  t r ansduce r  by means of a p p r o p r i a t e  
read ou t  equipment, Again, d i f f e r e n t  c l ea rances  were obtained by in- 









































LEAKAGE CALIBRATION OF VARLABLE CLEARANCE DEVICE 
M I L  5606 O I L ,  78°F 
Sleeve Pressure 
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3 .  Clearance-Actuating Force-Cleanl iness  Level - With t h e  v a r i a b l e  
c l e a r a n c e  dev ice  c a l i b r a t e d  t o  c l e a n  o i l  c o n d i t i o n s ,  t he  performance of 
t h e  device measured when d i s c r e t e  c l e a n l i n e s s  l e v e l s  which were c i rcu-  
l a t e d  through t h e  f i x t u r e  t h e  non-generating s t and .  The a c t u a t i n g  fo r -  
c e s  were measured a t  a r b i t r a r i l y  s e l e c t e d  c l e a r a n c e s  with cons t an t  clean- 
l i n e s s  l e v e l s .  The r e s u l t i n g  d a t a  i s  recorded i n  Tables 4-2 ,  4-3 and 
4-4 and paot ted i n  Fig.  4-19. 
The d a t a  c l e a r l y  v a l i d a t e s  t h e  theo r i zed  approach t o  the  referenced 
problem. Furthermore,  a long wi th  t h e  r epor t ed  r e sea rch  accomplishment, 
a c a p a b i l i t y  i n  g e n e r a l  understanding of contamination t o l e r a n c e ,  i n s t r u -  
mentat ion,  d e s i g n  and technique have developed t o  the  p red ic t ed  s t a t e  
of comprehension t h a t  w i l l  s e rve  as a b a s i s  f o r  important c o n t r i b u t i o n s  
t h a t  are r e q u i s i t e  t o  advancing t h e  s t a t e  of t he  a r t .  
By way of summary, t h e  r e s u l t s  of t h i s  r e sea rch  supports  previous 
and new conclusions i n  respect t o  t h e  concept of contamination t o l e r -  
ances f o r  f l u i d  power components. Conclusively,  t h e  s e n s i t i v i t y  t o  con- 
taminat ion of t h e  r epor t ed  v a r i a b l e  c l ea rance  spool  va lve  device i s  a t  
least  a f u n c t i o n  of t h e  fol lowing t h i n g s :  
1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8. 
Flow c l ea rances  
Components' mater ia l  p r o p e r t i e s  and s u r f a c e  f i n i s h e s  
Prec is  ion  of manufacture 
Contamination q u a n t i t y  and s i z e  d i s t r i b u t i o n  
Contamination phys ica l  p r o p e r t i e s  
F l u i d  p r o p e r t i e s  
Routine of o p e r a t i o n ,  i n  terms of s t eady  s ta te  t i m e  per iods 
Operating c o n d i t i o n s  - temperature and p r e s s u r e .  
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TABLE 4-2  
ACTUATING FORCE WITH CLEANLINESS 











C l e a r a n c e  % of Maximum 
(Inches) A c t u a t i n g  Force 
(%I 
13  60 
10 65 
9 65 
8 x 100 
TABLE 4-3  
ACTUATING FORCE WITH CLEANLINESS 
LEVEL OF 30.48 
TABLE 4-4 
ACTUATING FORCE WITH CLEANLINESS 
LEVEL OF 31.48 
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Some i t e m s  i n  t he  above l i s t i n g  could be combined. For example, "Con- 
tamina t ion  q u a n t i t y  and s i z e  d i s t r i b u t i o n "  c o n s t i t u t e  a def ined  contam- 
i n a t i o n  l e v e l .  However, t h e  i t e m s  are included i n  t h e  expanded form 
t o  emphasize t h e i r  i n d i v i d u a l  importance t o  t h e  o v e r a l l  scope of t h e  
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'Et i s  important f o r  communication purposes t o  de f ine  t h e  terms 
used i n  t h i s  r e p o r t  even though t h e r e  may be cons iderable  cont roversy  
i f  used out  of con tex t .  The,following terms and d e f i n i t i o n s  have been 
accepted and used e x t e n s i v e l y  by t h e  F lu id  Contamination Laboratory a t  
Qklahoma S t a t e  Un ive r s i ty  and w i l l  be used i n  t h i s  r epor t :  
1. Contaminant Level - a q u a n t i t a t i v e  express ion  f o r  t h e  s i z e  d i s -  
t r i b u t i o n ,  shape,  q u a n t i t y  and phys ica l  p r o p e r t i e s  of one type  
of p a r t i c u l a t e  ma t t e r  i n  a f l u i d .  
2 .  Contamination Level - a q u a n t i t a t i v e  express ion  f o r  t h e  s i z e  
d i s t r i b u t i o n ,  shape,  q u a n t i t y  and lumped phys ica l  p r o p e r t i e s  
of a mixture  of contaminants i n  a f l u i d .  This  i s  the  gene ra l  
ca se .  
3.  Clean - a q u a l i t a t i v e  express ion  f o r  an accep tab le  contamina- 
t i o n  l e v e l .  
4 .  P a r t i c l e  S ize  D i s t r i b u t i o n  - t h e  cumulat ive frequency of occur- 
ence of each contaminant p a r t i c l e  s i z e  i n  a f l u i d .  
5 .  Gravimetr ic  Level  - t h e  q u a n t i t y  of contaminat ion by weight 
per s tandard  s p e c i f i c a t i o n .  
6 .  Clean l ines s  Level - t h e  degree of contaminat ion based on a 
s tandard  s p e c i f i c a t i o n .  
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7. Contamination Tolerance Level - t h e  contamination l e v e l  which 
cannot be exceeded and s t i l l  a l low components t o  have a speci-  
f i e d  performance, r e l i a b i l i t y ,  and l i f e  expectance.  Contami- 
nant  t o l e r a n c e  l e v e l  would r e f e r  on ly  t o  the  in f luence  of one 
type of contaminant.  
8. Background Contamination Level - t h e  contaminat ion l e v e l  ac- 
hieved when a f l u i d  has passed through t h e  system's f i l t e r .  
9. Environmental Contamination - t h a t  which e n t e r s  t h e  system 
through b r e a t h e r s  and s e a l s .  
10. Generated Contamination - t h a t  which i s  generated w i t h i n  t h e  
system components as a r e s u l t  of such a c t i o n s  as wear, cavi- 
t a t i o n  and e r o s i o n .  
11. B u i l t - i n  Contamination - t h a t  which e x i s t s  w i t h i n  a system due 
t o  the  processes  used i n  manufacturing l i n e s ,  components and 
f l u i d .  
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The v a l i d i t y  of t h e  resul ts  from a contaminat ion l e v e l  a n a l y s i s  of 
a f l u i d  sample i s  dependent as much upon the c l e a n l i n e s s  l e v e l  of t he  
sample c o n t a i n e r s  as upon t h e  a n a l y s i s  techniques and the  sampling 
method. The degree of c l e a n l i n e s s  r equ i r ed  f o r  sample  c o n t a i n e r s  i s  
d i r e c t l y  a s s o c i a t e d  wi th  the  contamination l e v e l  of t he  f l u i d  specimen; 
that i s ,  h e a v i l y  contaminated f l u i d  does no t  r e q u i r e  t h e  use of u l t r a -  
c l e a n  c o n t a i n e r s .  However, s i n c e  modern hydrau l i c  system f l u i d  m u s t  
be maintained a t  r e l a t i v e l y  low contamination l e v e l s ,  i t  should be an 
e s t a b l i s h e d  p r a c t i c e  t h a t  extremely c l e a n  sample c o n t a i n e r s  a r e  used. 
I n  many cases ( f o r  hydrau l i c  systems) ,  t h e  u s e  of new o r  " s u r g i c a l l y  
c lean" b o t t l e s  i s  inadequate.  B o t t l e s  f r e e  from l i v e  microorganisms may 
c o n t a i n  a high l e v e l  of organic  and inorganic  par t icu la te  matter. Since 
i n d i v i d u a l  p a r t i c l e s  below 40 microns cannot be seen wi th  the  naked eye,  
t he  f a c t  t h a t  material i n  not  v i s a b l e  i n  a b o t t l e  i s  no assurance of 
i t s  c l e a n l i n e s s .  
The c l e a n i n g  of any p a r t  depends no t  on ly  upon t h e  e f f e c t i v e  sepa- 
r a t i o n  of p a r t i c u l a t e  matter from t h e  s u r f a c e s  of t he  p a r t ,  bu t  a l s o  
t h e  c l e a n l i n e s s  l e v e l  of t he  r i n s i n g  f l u i d .  Experimental s t u d i e s  have 
shown that an u l t r a s o n i c  b a t h  having a power l e v e l  of a t  least  10 w a t t s  
per square inch i s  needed t o  de t ach  p a r t i c u l a t e  matter from most su r -  






waves i s  increased  by t h e  a d d i t i o n  of  d e t e r g e n t s  i n  t h e  f l u i d  and t h e  
u s e  of d e t e r g e n t s  i s  a l s o  h e l p f u l  t o  remove o i l  f i l m s  from s u r f a c e s  
t h a t  are t o  be c leaned .  
Clean room s t u d i e s  a t  Oklahoma S t a t e  Un ive r s i ty  f o r  NASA have re- 
s u l t e d  i n  t h e  e s t ab l i shmen t  of  s p e c i f i c  procedures f o r  c l e a n i n g  f l u i d  
sample c o n t a i n e r s .  
of many tes ts  and t h e  degree  of r e p e a t a b i l i t y  i s  e x c e l l e n t .  Based upon 
t h e  exper ience  gained i n  us ing  t h e  procedures ,  t hey  are recommended f o r  
a l l  c o n t a i n e r s  where hydrau l i c  system f l u i d  i s  sampled. 
The procedures  o u t l i n e d  h e r e i n  are t h e  cu lmina t ion  
The c l ean ing  process  involves  a procedure used o u t s i d e  t h e  c l e a n  
room f o r  t h e  i n i t i a l  p repa ra t ion  of t h e  c o n t a i n e r s  and a procedure used 
i n s i d e  ehe c l e a n  room f o r  t he  f i n a l  p repa ra t ion  of t h e  c o n t a i n e r s .  
I n i t i a l  Cleaning Procedure ( In  Clean Area) 
1. 
2 .  
3 .  
4 .  
B o t t l e s  and caps  are placed i n  an  u l t r a s o n i c  c l ean ing  ba th .  
The b a t h  i s  f i l l e d  w i t h  w a r m  water, and a h igh  q u a l i t y  de t e r -  
gent  (non-residue type)  added. Run f o r  approximately 15 min- 
u t e s .  
Drain u l t r a s o n i c  ba th  and r i n s e  f r e e  of  c l ean ing  s o l u t i o n  wi th  
t a p  water. 
Empty b o t t l e s  and caps  and r i n s e  under f a u c e t .  Return b o t t l e s  
and caps  f o r  c l e a n  water r i n s e  i n  t h e  u l t r a s o n i c  b a t h  (approxi- 
mately 15 minutes) .  
Drain u l t r a s o n i c  ba th ,  empty b o t t l e s ,  r e f i l l  u l t r a s o n i c  wi th  
c l e a n  water. Return b o t t l e s  and caps  f o r  a second r i n s i n g  
(approximately 10 minutes) .  
NOTE: Th i s  procedure i s  f o r  new unused b o t t l e s .  I f  b o t t l e s  are 
d i r t y  t h e  washing process  (Steps 1-4) should be repea ted  as 
many times as necessary .  
5. Drain b o t t l e s  and r i n s e  w i t h  ace tone  us ing  approximately 3-5 
m l .  depending upon t h e  s i z e  of t h e  b o t t l e .  
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6 .  Place b o t t l e s  i n  a 150°F oven u n t i l  d ry .  Do no t  p lace  caps 
i n  oven t o  d ry .  
7. Do no t  cap  t h e  b o t t l e s  whi le  hot  as t h i s  w i l l  cause condensa- 
t i o n  in  t h e  b o t t l e s .  
1. Each b o t t l e  is r in sed  wi th  approximately 3-5 m l  of I sopropyl  
Alcohol which has  been f i l t e r e d  through ( .45 micron) M i l l i p o r e  
pad. This  i s  t o  assure t h e  removal of any mois ture  t h a t  might 
have accumulated. Rinse t h e  caps a l s o .  
2. Rinse each  b o t t l e  and b o t t l e  cap  twice wi th  approximately 3-5 
m l  of e t h e r  (Skel ly  F)  which has  been t r i p l e - f i l t e r e d  through 
(.45 micron) Mi l l i po re  pad. 
3. Cut p l a s t i c  squares  (Polyethelyne Film) t o  f i t  over b o t t l e  
neck. Rinse squares  wi th  f i l t e r e d  (.45 micron) e t h e r  and 
p lace  over  b o t t l e  opening, s ecu r ing  w i t h  a rubber  band. 
4 .  Cap b o t t l e s .  
Experience i s  a ve ry  important  t eache r  i n  regard t o  sample b o t t l e  
washing. Great e r r o r s  can be incu r red  through extremely s u b t l e  mis takes  
i n  t h e  c l ean ing  technique used. A t  OSU it  is  be l ieved  t h a t  t h e  sample 
b o t t l e s  used i n  important  t es t s  should only  be used f o r  sample t ak ing .  
That i s ,  they  should no t  be used i n  ex t ra  c u r r i c u l a r  a c t i v i t i e s  such 
as i n  contaminant c a p a c i t y  i n j e c t i o n  t e s t i n g .  Also ,  t h e  b o t t l e s  t h a t  
are used f o r  sampling are washed as soon as it  i s  poss ib l e  t o  complete 
t h e  sample ana lyses .  
ing  "glued" t o  t h e  b o t t l e  s u r f a c e  under a d r y  o i l  f i lm.  
This  reduces t h e  chance of s o l i d  p a r t i c l e s  becom- 
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The contamination l e v e l  of a f l u i d  system i s  a q u a n t i t a t i v e  expres- 
s i o n  f o r  t h e  degree of c l e a n l i n e s s  of t h e  e n t i r e  volume of f l u i d  con- 
t a i n e d  i n  t h e  system. Since it i s  impossible i n  most i n s t a n c e s  t o  ana- 
lyze 100% of t h e  f l u i d ,  some means m u s t  be employed t o  e x t r a c t  a small 
sample which i s  r e p r e s e n t a t i v e  of t h e  e n t i r e  volume and assume t h a t  i t  
r e f l e c t s  t h e  contaminat ion l e v e l  of t h e  t o t a l  q u a n t i t y  of f l u i d .  Sam- 
p l e s  from the  system can be obtained e i t h e r  s t a t i c a l l y ,  while  t he  f l u i d  
i s  a t  rest ,  o r  dynamically,  while t h e  f l u i d  is i n  motion. S t a t i c  sam- 
p l i n g ,  a l though it may be more convenient ,  g ives  errat ic  resu l t s  i n  most 
i n s t a n c e s .  The contamination l e v e l  of s t a t i c  samples v a r i e s  w i th  t i m e ,  
v i s c o s i t y ,  s u r f a c e  t e n s i o n ,  type of contaminant,  v i b r a t i o n  and l o c a t i o n  
of e x t r a c t i o n .  The a m p l i f i c a t i o n  of e r r o r s  i n  s t a t i c  sampling p r o h i b i t s  
t h e  e x t r a p o l a t i o n  t o  the  e n t i r e  volume and may l ead  t o  i n v a l i d  conclu- 
s i o n s .  Dynamic sampling has t h e  advantage t h a t  p a r t i c u l a t e  matter en- 
t r a i n e d  o r  moving w i t h  t h e  f l u i d  i s  r ep resen ted  i n  the pseudo-homogene- 
ous sample as i n  t h e  main stream. A sample p rope r ly  removed from a 
dynamic system which has  been allowed t o  c i rculate  and mix f o r  a s u i t -  
a b l e  per iod of t i m e ,  i s  more l i k e l y  t o  be r e p r e s e n t a t i v e  of the e n t i r e  
a c t i v e  f l u i d  i n  t h e  o p e r a t i n g  system. 
There are e s s e n t i a l l y  two types of dynamic sampling methods--iso- 
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laminar flow i n  t h e  e x t r a c t i o n  s e c t i o n .  The probe used t o  conduct t h e  
sample from t h e  e x t r a c t i o n  s e c t i o n  i s  c r i t i c a l  from t h e  s t andpo in t  of 
c o n f i g u r a t i o n  and o r i e n t a t i o n .  
t h e  s t r e a m l i n e  v e l o c i t y  i n  the  s e c t i o n  i s  n o t  equa l  t o  t h e  v e l o c i t y  of 
t h e  f l u i d  i n  t h e  probe. Under l a b o r a t o r y  c o n t r o l l e d  c o n d i t i o n s ,  iso- 
k i n e t i c  sampling i s  extremely a c c u r a t e  and can  be used as a s t anda rd .  
Since it  i s  d i f f i c u l t  t o  i n s u r e  a t rue laminar flow c o n d i t i o n  i n  
t h e  "crooked" l i n e s  of most hydrau l i c  systems, a p r a c t i c a l  s u b s t i t u t e  
f o r  t h e  i s o k i n e t i c  sampler  i s  t h e  t u r b u l e n t  sampler. Turbulent  f low, 
by d e f i n i t i o n ,  produces a v i o l e n t  mixing a c t i o n  and provides a uniform 
p a r t i c u l a t e  d i s t r i b u t i o n  i n  t h e  f l u i d .  
have shown t h a t  t h e  q u a l i t y  of a sample i s  no t  n e c e s s a r i l y  dependent on 
the  sampling flow rate o r  t he  probe c o n f i g u r a t i o n ,  i f  t h e  f l u i d  i n  the  
main stream i s  taken from a t u r b u l e n t  region.  The resul ts  shown i n  
Table C- 1 are a r e p r e s e n t a t i v e  comparison of p a r t i c u l a t e  d i s t r i b u t i o n s  
obtained from t h e  same flow stream by i s o k i n e t i c  and t u r b u l e n t  sampling 
An i sok ine t i c  c o n d i t i o n s  can r e su l t  i f  
Seve ra l  independent s t u d i e s  
methods. 
i n  f l u i d  sampling a t  both l a b o r a t o r y  and f i e l d  l e v e l s ,  a p r a c t i c a l  
technique has been developed by Oklahoma S t a t e  Un ive r s i ty ,  which i s  
being used i n  many areas of t h e  F l u i d  Power Indus t ry .  
Based on over t h r e e  yea r s  of work f o r  NASA and t h e  A i r  Force 
The OSU F i e l d  Sampling Method only r e q u i r e s  a s i d e  t a p  i n  a turbu- 
l e n t  s e c t i o n  of t h e  main l i n e .  An inexpensive sampling appendage such 
as shown i n  Fig.  C - 1  i s  used t o  e x t r a c t  t h e  sample. The appendage 
c o n s i s t s  of a quick-disconnect w i th  d u s t  caps,  a b a l l  va lve  and a hypo- 
dermic tube.  The check va lve  p a r t  of t h e  quick-disconnect  and i t s  
mating d u s t  cap are connected permanently t o  t h e  s i d e  t a p  of the  main 
stream. The non- check va lve  p a r t  of t h e  quick-disconnect t o g e t h e r  w i th  
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NON- CHECK VALVE 
FFMALE QUICK DIS~ONNECT 




TABLE C - 1  
ISOKINETIC VERSUS TURBULENT SAMPLING 
I P a r t i c l e  D i a m e t e r  P a r t i c l e s  Above 












1 1 7  
S p e c i f i c  Diameter 
Turbulent  









i t s  a t t a c h e d  d u s t  cap ,  b a l l  v a l v e  and hypodermic need le ,  are used on ly  
when a sample i s  be ing  e x t r a c t e d .  
hypodermic type r e s t r i c t i o n  i s  p r e f e r r e d  over  a p a r t i d L l y  open needle  
va lve  because a c i r c u l a r  area provides the  l a r g e s t  p o s s i b l e  opening f o r  
A f u l l y  opened b a l l  v a l v e  w i t h  a 
a s p e c i f i c  f l o w  c o n d i t i o n  and minimizes " f i l t e r i n g u g  o f  t he  sample which 
occurs  a c r o s s  p a r t i a l l y  opened needle v a l v e s ,  The l eng th  and s i z e  of 
t h e  hypodermic tub ing  depends on t t e  d e s i r e d  sample f low rate and t h e  
p re s su re  i n  t h e  main stream, 
The sample v a l v e  a s s e d l y  should be f lu shed  w i t h  a "clean" s o l v e n t  
a f t e r  t h e  sample e x t r a c t i o n  o p e r a t i o n  t o  remove r e s i d u a l  oil f i l m s .  
P r i o r  t o  e x t r a c t i n g  a f l u i d  sample, a volume of f l o i d  should be f lu shed  
from t h e  sample v a l v e  assembly eqdal t o  a t  least  t h r e e  t i m e s  t he  i n t e r n -  
a l  volume of t h e  e n t i r e  appendage. A minimum of environmental  exposure 
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of t h e  sample f l u i d  i s  achieved by us ing  t h e  sample  b o t t l e s  s ea l ed  w i t h  
a polyethelene f i l m  and having t h e  hypodermic tub ing  p i e rce  the  f i lm .  
Of course ,  l a r g e  volume samples are g e n e r a l l y  recognized f o r  t h e i r  
J u s t  as s u r e l y  t h e  r e l a t i v e  va lue  enhancement of s t a t i s t i c a l  accuracy. 
of "large" i s  u s u a l l y  tempered by p r a c t i c a l  cons ide ra t ions  
a 
APPENDIX D 
PARTICLE COUNTER TESTS 
--I 
The s i z i n g  and count ing of p a r t i c l e s  t o  g ive  a q u a n t i t a t i v e  ap- 
praisal of t h e  contaminat ion l e v e l  of a f l u i d  has long been dominated 
by microscopic methods. These methods a r e  r e l i a b l e  only when s p e c i a l ,  
ve ry  s t r i n g e n t  p recau t ions  are taken;  however, t hey  have a number of 
undes i r ab le  c h a r a c t e r i s t i c s .  The microscopic methods are time cmsuming, 
invalve a high degree of personal  judgment, and are d i f f i c u l t  t o  repro- 
d u c e .  
During t h e  p a s t  decade, t h e  development of automatic p a r t i c l e  
c o u n t e r s  and t h e  need f o r  processing a l a r g e  number of samples have re- 
s u l t e d  i n  a g e n e r a l  d e c l i n e  of microscopic ana lyses  f o r  contamination 
c o n t r o l  purposes. The HIAC P a r t i c l e  Counter i s  one such counter  t h a t  
has become accepted by some f o r  i t s  h igh  degree of r e p e a t a b i l i t y  and 
accuracy. This coun te r  uses  the  l i gh t -b lock ing  e f f e c t  of a dynamic par- 
t i c l e  as a d i r e c t  i n d i c a t i o n  of i t s  s ize .  The p a r t i c l e  i s  assigned a 
s i z e  va lue  equa l  t o  t h e  diameter  of a c i r c l e  whose p ro jec t ed  area 
would block out  an  equa l  amount of l i g h t ;  hence, a 10 micron p a r t i c l e  
i s  one whose p ro jec t ed  area i s  e f f e c t i v e l y  equa l  t o  t h a t  of a c i r c l e  10 
microns i n  diameter .  The p a r t i c u l a r  model used t o  e v a l u a t e  t h e  samples 
r epor t ed  h e r e i n  was a s t anda rd  production model w i t h  p rov i s ions  f o r  a 







The sample b o t t l e  c o n t a i n i n g  t h e  f l u i d  specimen i s  connected d i r e c t -  
l y  t o  t h e  m i c r o c e l l  of t h e  instrument  by means of a sample b o t t l e  adap- 
ter .  A i r  p r e s su re  i s  a p p l i e d  t o  t h e  b o t t l e ,  f o r c i n g  t h e  f l u i d  through 
t h e  m i c r o c e l l .  The f low c h a r a c t e r i s t i c s  are such t h a t  each  s o l i d  par- 
t i c l e  passes  a sampling window i n  t h e  c e l l  i n  s i n g l e  f i l e .  A beam of 
l i g h t  i s  co l l ima ted  by t h e  long window and d i r e c t e d  through t h e  f l u i d  
stream so  as t o  impinge on a phototube on t h e  oppos i t e  s i d e .  Whenever 
a f o r e i g n  p a r t i c l e  i n  t h e  f l u i d  stream passes t h e  window, a p o r t i o n  of 
t h e  l i g h t  beam i s  i n t e r r u p t e d .  Th i s  creates a change i n  t h e  ou tpu t  s ig-  
n a l  from t h e  phototube which i s  p ropor t iona l  t o  t h e  s i z e  of t h e  p a r t i -  
c l e  pass ing  t h e  l i g h t  beam. The s i g n a l  change i s  ampl i f i ed  and s e n t  t o  
coun te r  c i r c u i t s  t h a t  have been pre-adjusted by t h e  ope ra to r  t o  v a r i o u s  
s e n s i t i v i t i e s  f o r  simultaneous count ing  of i n d i v i d u a l  s i z e  ranges.  The 
p a r t i c l e  count i s  cumula t ive ly  t a l l i e d  w i t h  r e s p e c t  t o  c a l i b r a t i o n  
s i z e s .  A f t e r  pas s ing  t h e  sampling window, t h e  f l u i d  is  c o l l e c t e d  i n  a 
graduated c y l i n d e r  so  t h a t  r e s u l t s  c a n  be recorded i n  terms of p a r t i c l e s  
i n  a g iven  volume of f l u i d .  
The coun te r  can be c a l i b r a t e d  by v a r i o u s  c a l i b r a t i o n  procedures 
suggested by t h e  manufacturer .  For t h e  p a r t i c u l a r  t e s t s  r epor t ed  here- 
i n ,  a microscopic  check was performed t o  se t  t h e  coun te r s .  
C a 1 i b  r a t  ion  
The coun te r  was c a l i b r a t e d  by means of a technique developed a t  
OSU where a "standard" f l u i d  contaminant mix tu re ,  which had been ana- 
lyzed o p t i c a l l y  by means of an  image s p l i t t e r  eye p i ece ,  was used. An 
adjustment i s  provided f o r  each coun te r  module so t h a t  t h e  s e n s i t i v i t y  
may be c a l i b r a t e d  as d e s i r e d .  Table D - 1  l i s t s  t h e  c a l i b r a t i o n  s e t t i n g s  
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f o r  t h e  HIAC counter  used i n  t h e  OSU Laboratory.  These c a l i b r a t i o n  
s e t t i n g s  apply  only  t o  t h e  p a r t i c u l a r  counter  used i n  t h e  OSU Laboratory.  
TABLE D - 1  
CALIBRATION SETTINGS: FOR THE 
HIAC COUNTER 















The a i r  p re s su re  was s e t  t o  g ive  a m i c r o c e l l  f low ra te  from t h e  
sample b o t t l e  of 30 drops  per  minute.  The tests are normally performed 
on 3 t o  5 m i l l i l i t e r s  of f l u i d .  To c a l c u l a t e  t h e  count w i t h i n  t h e  s e t  
ranges ,  t h e  count  of any p a r t i c u l a r  s e t  s i z e  i s  s u b t r a c t e d  from t h e  
count  of t h e  next  smaller se t  s i z e .  For example, i f  t h e  coun te r s  show 
1500 p a r t i c l e s  g r e a t e r  t han  5 microns and 500 p a r t i c l e s  g r e a t e r  t han  10 
microns,  t h e  count  f o r  t h e  5 t o  10 micron range i s  1000 p a r t i c l e s .  
I n  o rde r  t o  t e s t  f o r  t he  s e n s i t i v i t y  of t h e  c a l i b r a t i o n  t o  v a r i o u s  
contaminant l e v e l s ,  a "standard" was c r e a t e d  i n  which 1 mg of AC F ine  
w a s  placed i n  100 ml of 5606 and counted. The contaminated f l u i d  was 
then  d i l u t e d  w i t h  an e q u a l  volume of t r i p l e - f i l t e r e d  (0.45) 5606 and 
counted. The r e s u l t s  (Table D-2) show t h e  c l o s e  agreement w i t h  t h e  d i s -  
t r i b u t i o n  obta ined  o p t i c a l l y  f o r  AC Fine.  The e x c e l l e n t  agreement a t  
104 
TABLE D - 2  
COMPARISON OF OPTICAL AND HIAC COUNTS 1 









Number of P a r t i c l e s  Larger Than Ind ica t ed  
S i z e  i n  a 3 m l  Sample 
10 mg/L Contaminant Level 
Opt i c a  1 
4500 
1900 














5 mg/L Contaminant Level 















4 3  
-
t h e  lower contaminant l e v e l  i n d i c a t e s  t he  i n s e n s i t i v i t y  of t h e  c a l i b r a -  
t i o n  s e t t i n g s  t o  contaminant l e v e l s  w i t h i n  t h e  o v e r a l l  contaminant lev- 





GRAVIMETRIC CONTAMINAT I O N  LEVEL 
The g rav ime t r i c  a n a l y s i s  of  f l u i d  samples g ives  a q u a n t i t a t i v e  
v a l u e  f o r  t h e  contaminat ion leve l .  Although no informat ion  i s  gained 
r ega rd ing  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  t h e  f l u i d  by t h i s  method, 
i t  i s  inva luab le  i n  e s t a b l i s h i n g  t h e  q u a n t i t y  of contaminant e n t r a i n e d  
i n  t h e  f l u i d .  Gravimetr ic  l e v e l s  permit an unders tandable  but  sometimes 
m i ~ u s e d ,  c l e a n l i n e s s  l e v e l  c r i t e r i o n  t o  be e s t a b l i s h e d  f o r  g iven  sys- 
tems such as 
1. 0 - 5 mg/l u l  t rac lean  
2. 5 - 10 v e r y  c l e a n  
3 .  10 - 20 c l e a n  
4 .  20 ., 40 ques t ionab le  
5. 40 - 80 d i r t y  
6. 80 - v e r y  d i r t y  
The g rav ime t r i c  t e s t s  performed on t h e  r epor t ed  samples were con- 
ducted i n  accordance wi th  SAE ARP-598 wi th  c e r t a i n  mod i f i ca t ions  t o  y 
y i e l d  a technique  which g ives  c o n s i s t e n t  r e s u l t s  w i th  d i f f e r e n t  person- 
ne l .  The procedure involves  two phases: 
1. Blank Con t ro l  Analys is  
2. Contaminant Analys is .  
I n  o r d e r  t o  e f f e c t i v e l y  appra i se  t h e  r e s u l t s  of a g rav ime t r i c  a n a l y s i s  
some understanding of t h e  procedure i s  necessary .  A conc i se  d e s c r i p t i o n  






Blank Cont ro l  Analys is  
The b lank  c o n t r o l  a n a l y s i s  i s  r equ i r ed  f o r  each  type  o i l  sample i n  
o rde r  t o  o b t a i n  t h e  weight per u n i t  volume t h a t  a non-contaminated sample 
would produce. S ince  a c e r t a i n  amount of t h e  f l u i d  would be r e t a i n e d  
i n  t h e  f i l t e r d i s c ,  t h i s  t a re  v a l u e  i s  used as a b a s i s  f o r  contaminat ion 
l e v e l  de te rmina t ion .  The procedure i s  as fo l lows:  
1. 
2. 








A s p e c i f i c  micron r a t e d ,  47 mm f i l t e r  d i s c  i s  placed i n  a c l e a n  
p e t r i  d i s h  and hea ted  i n  an oven a t  80°C f o r  15 minutes .  
The p e t r i  d i s h  and d i s c  are then  i n s e r t e d  i n  a d e s i c c a t o r  f o r  
f i v e  minutes  o r  u n t i l  they  are a t  room temperature .  
Using f o r c e p s ,  t h e  d i s c  i s  removed from t h e  p e t r i  d i s h  and 
weighed on a n  a n a l y t i c a l  ba lance  t o  t h e  n e a r e s t  “ 0 1  mg. 
A sample of t h e  f l u i d  t o  be t e s t e d  i s  t r i p l e - f i l t e r e d  through 
a 0.45 micron f i l t e r .  
Twenty-five m i l l i l i t e r s  of t h e  t r i p l e - f  i l t e r e d  f l u i d  i s  then  
passed through t h e  prepared f i l t e r  d i s c .  
I n  a d d i t i o n  t o  the  f i l t e r e d  f l u i d ,  100 m l  of 0.45 micron tr i-  
p l e - f i l t e r e d  pe t r i l eum e t h e r  i s  passed through t h e  d i s c  and 
f i n a l l y  t h e  i n s i d e  of t h e  s e p a r a t o r y  funne l  i s  r i n s e d  w i t h  50 
m l  of t he  f i l t e r e d  e t h e r .  
While s t i l l  apply ing  vacuum, t h e  s e p a r a t o r y  funne l  i s  removed 
and t h e  d i s c  i s  c a r e f u l l y  washed toward t h e  c e n t e r  w i t h  a wash 
b o t t l e  c o n t a i n i n g  t r i p l e - f i l t e r e d  petroleum e t h e r .  
After t h e  vacuum i s  r e l e a s e d ,  t he  f i l t e r  d i s c  i s  removed wi th  
forceps  and placed i n  a p e t r i  d i s h  and i n  an  80°C oven f o r  15 
minutes  
The p e t r i  d i s h  and d i s c  i s  then  de- ionized t o  remove s t a t i c  
e l e c t r i c i t y  and placed i n  a d e s i c c a t o r  f o r  5 minutes .  
The d i s c  i s  f i n a l l y  removed from t h e  p e t r i  d i s h  by fo rceps  and 
weighed on an  a n a l y t i c a l  balance.  
11. Sub t rac t ing  t h e  o r i g i n a l  weight of t h e  d i s c  from t h e  weight of 
t h e  f l u i d  processed d i s c  g ives  t h e  tare  weight.  
107 






Contaminat ion  Analys is  
The contaminat ion a n a l y s i s  i s  conducted i n  approximately t h e  same 
manner as t h e  b lank  c o n t r o l  a n a l y s i s  except  t h a t  t h e  f l u i d  sample i s  
t h e  t e s t  specimen. The f l u i d  be ing  appra ised  for: contaminat ion l e v e l  
i s  shaken thoroughly i n  i t s  r e c e i v i n g  con ta ine r .  A sample volume of 
100 m l  i s  used f o r  t h e  t e s t .  The d i f f e r e n c e  between t h e  f i n a l  weight 
of t h e  d i s c  and t h e  weight  of t h e  i n i t i a l l y  c leaned  d i s c  i s  t h e  contami- 
n a t i o n  a n a l y s i s  weight  
Resu l t s  
The a c t u a l  weight of t h e  contaminant per  100 m l  of t h e  t es t  f l u i d  
i s  t h e  d i f f e r e n c e  between t h e  Contamination Analys is  Weight and t h e  
Blank Analys is  Weight o r  tare .  Normally; t h e  r e s u l t s  of a g rav ime t r i c  
t e s t  i s  r epor t ed  i n  terms of m g l l i t e r ;  t h e r e f o r e ,  t h e  weight given above 
must be m u l t i p l i e d  by t en .  
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